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Acerca de este libro 


Esta es una copia digital de un libro que, durante generaciones, se ha conservado en las estanterias de una biblioteca, hasta que Google ha decidido 
escanearlo como parte de un proyecto que pretende que sea posible descubrir en linea libros de todo el mundo. 


Ha sobrevivido tantos años como para que los derechos de autor hayan expirado y el libro pase a ser de dominio público. El que un libro sea de 
dominio publico significa que nunca ha estado protegido por derechos de autor, o bien que el periodo legal de estos derechos ya ha expirado. Es 
posible que una misma obra sea de dominio püblico en unos países y, sin embargo, no lo sea en otros. Los libros de dominio publico son nuestras 
puertas hacia el pasado, suponen un patrimonio histórico, cultural y de conocimientos que, a menudo, resulta difícil de descubrir. 


Todas las anotaciones, marcas y otras señales en los márgenes que estén presentes en el volumen original aparecerán también en este archivo como 
testimonio del largo viaje que el libro ha recorrido desde el editor hasta la biblioteca y, finalmente, hasta usted. 


Normas de uso 


Google se enorgullece de poder colaborar con distintas bibliotecas para digitalizar los materiales de dominio püblico a fin de hacerlos accesibles 
a todo el mundo. Los libros de dominio püblico son patrimonio de todos, nosotros somos sus humildes guardianes. No obstante, se trata de un 
trabajo caro. Por este motivo, y para poder ofrecer este recurso, hemos tomado medidas para evitar que se produzca un abuso por parte de terceros 
con fines comerciales, y hemos incluido restricciones técnicas sobre las solicitudes automatizadas. 


Asimismo, le pedimos que: 


+ Haga un uso exclusivamente no comercial de estos archivos Hemos diseñado la Búsqueda de libros de Google para el uso de particulares; 
como tal, le pedimos que utilice estos archivos con fines personales, y no comerciales. 


+ No envíe solicitudes automatizadas Por favor, no envíe solicitudes automatizadas de ningün tipo al sistema de Google. Si está llevando a 
cabo una investigación sobre traducción automática, reconocimiento óptico de caracteres u otros campos para los que resulte util disfrutar 
de acceso a una gran cantidad de texto, por favor, envíenos un mensaje. Fomentamos el uso de materiales de dominio püblico con estos 
propósitos y seguro que podremos ayudarle. 


+ Conserve la atribución La filigrana de Google que verá en todos los archivos es fundamental para informar a los usuarios sobre este proyecto 
y ayudarles a encontrar materiales adicionales en la Büsqueda de libros de Google. Por favor, no la elimine. 


+ Manténgase siempre dentro de la legalidad Sea cual sea el uso que haga de estos materiales, recuerde que es responsable de asegurarse de 
que todo lo que hace es legal. No dé por sentado que, por el hecho de que una obra se considere de dominio püblico para los usuarios de 
los Estados Unidos, lo será también para los usuarios de otros países. La legislación sobre derechos de autor varía de un país a otro, y no 
podemos facilitar información sobre si está permitido un uso específico de algün libro. Por favor, no suponga que la aparición de un libro en 
nuestro programa significa que se puede utilizar de igual manera en todo el mundo. La responsabilidad ante la infracción de los derechos de 
autor puede ser muy grave. 


Acerca de la Busqueda de libros de Google 


El objetivo de Google consiste en organizar información procedente de todo el mundo y hacerla accesible у útil de forma universal. El programa de 
Büsqueda de libros de Google ayuda a los lectores a descubrir los libros de todo el mundo a la vez que ayuda a autores y editores a llegar a nuevas 


audiencias. Podrá realizar búsquedas en el texto completo de este libro en la web, en la página|ht tp: //books.google.com 


This is a reproduction of a library book that was digitized 
by Google as part of an ongoing effort to preserve the 
information in books and make it universally accessible. 
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GENERAL INFORMATION 


The right to reprint limited portions or abstracts of the articles, diseus- 
sions, or editorial notes in the PROCEEDINGS iS granted on the express ceon- 
dition that specific reference shall be made to the source of such material. 
Diagrams and photographs in the PROCEEDINGS may not be reproduced with- 
out securing permission to do so from the Institute thru the Editor. 


Those desiring to present original papers before the Institute of Radio 
Engineers are invited to submit their manuscript to the Editor. 


Manuscripts and letters bearing on the PROCEEDINGS should be sent to 
Alfred N. Goldsmith, Editor of Publications, The College of The City of New 
York, New York. 


Requests for additional copies of the PROCEEDINGS and communieations 
dealing with Institute matters in general should be addressed to the Seere- 
tary, The Institute of Radio Engineers, The College of The City of New York, 
New York. 

The PROCEEDINGS of the Institute are published every two months and 


contain the papers and the discussions thereon as presented at the meetings 
in New York, Washington, Boston, Seattle, San Francisco, or Philadelphia. 


Payment of the annual dues by a member entitles him to one copy of 
each number of the PROCEEDINGS issued during the period of his membership. 


Subscriptions to the Proce ae idi received from non-members at the 
rate of $1.50 per copy or $9.00 per уе: То IDFOER countries the rates are 
$1.60 per copy or $9.60 per yea A залп of 25 per cent is allowed to 
libraries and booksellers. The E nish distributing ageney is “The Electrician 
Printing and Publishing Company,” Fleet Street, London, E. С, 


Members presenting papers before the Institute are entitled to ten copies 
of the paper and of the discussion, Arrangements for the purchase of reprints 
of separute papers can be made thru the Editor. 


It is understood that the statements and opinions given in the Pnockkpb- 
INGS are the views of the individual members to whom they are credited, and 
are not binding on the membership of the Institute as a whole. 
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THE INSTITUTE OF RabDIO ENGINEERS 
announces with regret the death of Messrs. 


Edward J. Baskin 
Guy E. Morse 
William B. Woodrork 


Edward J. Baskin was born in Lynn, Massachusetts in 1899. He 
was a graduate of the Chelsea Grammar School, the Northeastern 
Preparatory School, the Eastern Radio School, and the Gillespie Avia- 
tion School of Boston. During 1917 he was employed as operator on 
coastwise ships plying to the West Indies by the Marconi Wireless 
Telegraph Company of America. In 1918 he enlisted in the Naval 
Reserve, Aviation Section. After being stationed at Charleston, South 
Carolina, he contracted pneumonia, and died on October 8, 1918. He 


was a member of The Institute of Radio Engineers. 


Guy E. Morse was the son of Mr. and Mrs. Ernest R. Morse of 
Kansas City, Missouri. He was born in 1895 at Wolfville, Nova 
Scotia, his parents being then Canadians. Не was a graduate of the 
Kansas City public schools, and had completed two years of his studies 
at the University of Illinois where he was preparing himself for electrical 
engineering. He enlisted in the first Officers’ Training Camp, at Fort 
Sheridan, Illinois іп 1917, and was transferred to Fortress Monroe. 
He was there commissioned as Second Lieutenant in the Coast Artillery, 
and stationed at Key West. On application, he was transferred to the 
air service as an aerial observer, and took his ground training at Austin, 
Texas. In 1918, he was sent to France, and was trained there at Saumur, 
Tours, and Cazaux, being then attached to the 135th Aero Squadron. 
In August, 1918 he was sent to the front, and was killed in aerial combat 
at St. Mihiel, September 12, 1918. Не died at the age of twenty three, 
having been cited for gallantry before his death. He was well known 
as an excellent student and a fearless young man. 


William D. Woodcock was born in 1896. He was graduated from 
the Lafayette High School, and was a member of the class of 1919 in 
analytical chemistry at the University of Buffalo. Before the war, 
he was a well known radio amateur, a member of an organization of 
radio operators, a member of The Institute of Radio Engineers, holder 
of a first class communication license, and of a special station license. 
He was the Buffalo operator who transmitted the President's message 
sent from coast to coast on October 27, 1916. After war was declared, 
he enlisted in the Naval Reserve, was sent to Great Lakes in 1917, and 
appointed a first-class operator, first at Cleveland, and then at Buffalo. 
After several service changes, he was made an instructor in the Radio 
School at Great Lakes, and then advanced to the radio laboratory. 
There he contracted pneumonia, which caused his death. 


RESONANCE MEASUREMENTS IN RADIOTELEG- 
RAPHY WITH THE OSCILLATING AUDION* : - 


Bv | Я 


Louis W. AUSTIN 


(UNITED STATES NAVAL RADIOTELEGRAPHIC LABORATORY, 
WASHINGTON, D. С.) 


For purposes of rough tuning, many workers have doubt- 
less made use of the click heard in the telephones of an oscil- 
lating audion circuit when it is brought into resonance with 
another circuit at proper coupling. As the resonance click has 
apparently not been mentioned in any of the publications on 
radio frequency measurements, it seems probable that it is not 
generally known that this click offers by far the quickest and 
simplest means of making nearly all measurements depending 
on the determination of resonance. The accuracy is quite equal 
to that obtainable with sensitive thermo-elements, and greatly 
superior to the accuracy of the detector and telephone method. 

Since the audion circuit itself is not suited to exact calibra- 
tion, the substitution method is generally used. The following 
examples illustrate the procedure: 


CAPACITY OF AN ANTENNA BY SUBSTITUTION 


The antenna is loaded with inductance so as to give a wave 
length of five to ten times the fundamental, then the oscillating 
audion circuit is coupled to the antenna inductance, and the 
audion tuning condenser varied until a click is heard in the 
telephones. In general, if the coupling is close, the click will be 
heard at different points with increasing and decreasing con- 
denser capacity. The coupling should then be loosened until 
both clicks appear at the same condenser setting, or, if this is 
impossible, the mean setting is taken provided the points are 
less than a degree apart. Next, leaving the audion condenser 
on the resonance point, the ground and antenna are discon- 

* Received by the Editor, July 24, 1918. 


1Саге must be taken regarding harmonics in all measurements in which 
bulbs are used for excitation. 
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nected from the antenna indoctance and replaced by the calib- 
rated variable substjtutipn ~ condenser. This last is adjusted 
to resonance with tlie aüdion circuit exactly as described above, 
and the capaci -bf the condenser is then equal to that of the 
antenna, xubjtcf to a small correction for the natural antenna 
inductance: : 


Waye LENGTH OF A DISTANT STATION 


„°“. + The receiving antenna and secondary oscillating circuit are 


first tuned exactly to the distant station, preferably at loose 
coupling, the audion tuning condenser being adjusted to give 
the dead point of the beats in the case of continuous wave recep- 
tion. Next, without changing anything in the antenna or 
secondary, a wave meter is coupled to the secondary and ad- 
justed to resonance by the click method. The reading of the 
wave meter gives at once the wave length for the sending station. 
In a similar way, wave meters can be compared and con- 
densers and inductances calibrated, either by substitution or by 
making use of the well-known relation existing between the 
product of inductance and capacity and the wave length. 
Besides the simplicity and quickness of this method, it has 
the advantage that it does away with the necessity for all auxil- 
lary apparatus in the wave meter, and enables measurements 
of the highest accuracy to be taken on shipboard and in other 
places where the use of sensitive galvanometers is impossible. 


U. S. Naval Radiotelegraphie Laboratory. 
June, 1918 


SUMMARY: The telephone click in an oscillating audion circuit when a 
coupled circuit is brought into tune with it is utilized to measure quickly and 
accurately antenna capacity, wave length of distant stations, capacities, 
inductances, and wave lengths. 


A BRIEF TECHNICAL DESCRIPTION 
OF THE 
NEW SAN DIEGO, PEARL HARBOR, AND CAVITE 
HIGH POWER NAVAL RADIO STATIONS* 


(Supplementing Captain Bullard’s Paper) 


By 
LEONARD F. FULLER 
(CHIEF ELECTRICAL ENGINEER, FEDERAL TELEGRAPH COMPANY) 


As mentioned in Captain Bullard’s article, 11,000-volt, 
3-phase, 60-cycle power will be delivered to the new San Diego 
high power radio station. The power equipment is being manu- 
factured by the General Electric Company and will consist of 
the usual oil switches, switchboards, and motor-generators used 
in power work. 

The motor-generators, which are in duplicate, will be 2-unit, 
4-bearing sets, consisting of 300 horse-power, 1,200 revolutions 
per minute, 2,200-volt, 3-phase, 60-cycle, squirrel cage induction 
motors, direct connected to 200 kilowatt, 1,200 revolutions per 
minute, 950-volt, compound wound, direct current Busters 
with 2-kilowatt, 125-volt, over-hung exciters. 

The temperature rises of the motors will be 40° C. for con- 
tinuous full load operation and not over 55° C. for a continuous 
series of duty cycles of 1.5 hours on and 1 hour off at 125 per 
cent. of load. 

The generator temperature rises will be 40° C. for con- 
tinuous full load operation and not over 55° C. for a continuous 
series of duty cycles of 1.5 hours on and 1 hour off at 250 kilowatt 
output. The sets as a whole can withstand a 100 per cent. 
overload for short periods. 

Duplicate 14-kilowatt, 125-volt, direct current, motor- 
generators with a complete set of spare parts will be installed 
also, for furnishing power for plant auxiliaries. 

The Federal-Poulsen аге converter will be of the oil-immersed, 
water-cooled type capable of furnishing 150 amperes radiation 
continuously, and 170 amperes for periods of 1.5 hours on and 
1.5 hours off. The temperature rises will be 10? C. and 50? C. 
respectively for all current-carrying or electrical parts. 
` * Received by the Editor, May 20, 1916. 
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At Pearl Harbor, power will be supplied, as Captain Bullard 
states, at 2,200 volts, 3-phase, 60 cycles. This plant is similar 
to that at San Diego but of higher power. The large motor- 
generators are provided in duplicate with a complete set of 
spare parts including spare armatures. "They are 2-unit, 4-bear- 
ing sets, manufactured by the General Electric Company, con- 
sisting of 750 horse-power, 900 revolutions per minute, 2,200- 
volt, 3-phase, 60-cycle, wound rotor, induction motors, direct 
connected to 500 kilowatt, 900 revolutions per minute, 1,430- 
volt, compound wound, direct current- generators with 3-kilo- 
watt, 125-volt, compound wound, over-hung exciters. 

The temperature rises of both motors and generators will 
be 50? C. on a continuous series of duty cycles of 2 hours on and 
] hour off. High voltage direct current switchboards and con- 
trol apparatus of a type used in electric railway work will be 
provided. 

The Federal-Poulsen are converter will be of the oil-im- 
mersed, water-cooled type, capable of furnishing 200 amperes 
radiation continuously and 250 amperes for periods of 1.5 hours 
on and 1.5 hours off with temperature rises of 40? C. and 50? C. 
as specified for San Diego. 

On account of the oil immersion and water cooling of all 
coils and arc converter windings, this type of apparatus is ex- 
tremely rugged and reliable. The are transforms or converts 
the 1,500-volt direct current power into radio frequency energy 
without the use of rotating parts or radio frequency magnetic 
circuits. 

The antenna loading coil will be of litzendraht cable sup- 
ported entirely by porcelain. "This cable will be 1.75 inches 
(4.45 cm.) in diameter, and the loading coil diameter will be 
14 feet (4.26 m.). 

The wave changer will be of the rotary type capable of 
throwing the plant onto any one of five wave lengths when 
operating at full power. "This feature holds for San Diego and 
Cavite as well as Pearl Harbor and in all three the usual antenna 
grounding switches, transfer switches, etc., will be provided. 

The generating equipment at Cavite will be identical with 
that at Pearl Harbor except that the power supply will be 220- 
volt direct current and no over-hung exciter will be used. The 
500-kilowatt, 1,500-volt, generator excitation will be supplied 
from the 220-volt direct current buses. At both Pearl Harbor 
and Cavite, special insulation and fittings for tropical conditions 
will be provided. 
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The arc and the remainder of the radio set at Cavite will be 
in every way identical with that at Pearl Harbor. 

The ares at Pearl Harbor and Cavite will be approximately 
9 feet 2.5 inches (2.81 m.) by 7 feet 4 inches (2.23 m.) wide 
by 12 feet (3.66 m.) long, and will each weigh approximately 
60 tons (54,000 kg.) under operating conditions. The San 
Diego arc is somewhat smaller and will weigh 21 tons (19,000 
kg.) under operating conditions. The larger arcs will present 
an outside appearance very similar to certain types of vertical 
shaft hydro-electric generators. 


San Francisco, California, May 12, 1916. 


SUMMARY: The new high power Federal-Poulsen arc stations of the 
United States Navy are described briefly. The motor-generator sets, tem- 
perature rises, field excitation, and operating characteristics are given. The 
arc-converter, antenna loading inductance, and wave changing switch are 
described shortly. 


(The distance from Cavite, Philippine Islands to Pearl Harbor, Hawaii, 
is 5,300 miles (8,500 km.), from Pearl Harbor to San Diego 2,600 miles (4,200 
km.), and from Cavite to San Diego 7,800 miles (12,500 km.), altogether over 
water. The approximate power used to cover 4,000 kilometers is 70 kilowatts 
in the antenna, and for 8,500 kilometers is 160 kilowatts. The former value 
may be compared with that given by Mr. John L. Hogan, Jr., on page 419 
ot the poe г, 1916, issue of the PROCEEDINGS, namely 72 kilowatts.— 

DITOR). 
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HYSTERESIS AND EDDY-CURRENT LOSSES IN IRON 
AT RADIO FREQUENCIES* 


By 
CHRISTIAN NUSBAUM 


(JEFFERSON PHYSICAL LABORATORY, HARVARD UNIVERSITY, CAMBRIDGE, 
MASSACHUSETTS) 


INTRODUCTION 


The study of the heat losses due to hysteresis and eddy- 
currents in iron, when subjected to an oscillating magnetic field, 
is of practical interest in radio telegraphy and radio telephony. 
In this paper will be described a calorimetric method for the 
determination of these losses, in a certain specimen of soft iron, 
at frequencies between the limits of 150,000 and 1,000,000 
cycles per second, and the results obtained by this method of 
measurement will also be stated. 

Various methods of measurement were used by previous 
investigators for the determination of these losses, and the 
results obtained are quite at variance with each other. The 
results of Warburg and Honig,! Tanakadate,? and Weihe? indi- 
cate that the loss per cycle, at frequencies of three cycles and 
sixty cycles per second, is less than for static magnetization. 
The results of Hopkinson,‘ Maurain,5 Gray, and Guye and 
Herzfeld’ indicate that the loss per cycle is independent of the 
frequency, while those of Steinmetz,* Niethammer,? M. Wien,'? 
Krogh and Rikla," Dina,” and Corbino," lead to the conclusion 
that the loss per cycle increases with the frequency. 
` *Received by the Editor, July 10, 1918. 

! Warburg and Honig, Wied. Ann., 20, p. 814, 1883. 

?Tanakadate, A., Phil. Mag., 28, p. 207, 1889. 

* Weihe, Е. A., Wied. Ann., 61, p. 578, 1897. 

* Hopkinson, Elcktrotechn. Zeitschr., 13, p. 642. 

5 Maurain, C., Ecl. Electr., 15, p. 499, 1898. 

ê Gray, Phil. Trans. 174 А, p. 351. 

7Guye and Herzfeld, Compt. Rend., 136, p. 957, 1903. 

5Steinmetz, Elektrotechn. Zeitschr., 13, p. 957. 

? Niethammer, Wied. Ann., 66, p. 29, 1898. 

1? Wien, M., Wied. Ann., 66, p. 859, 1898. 

n Rikla and Krogh, Elektrotechn. Zeitschr., p. 1083, 1900. 

1 Dina, A., Elektrotechn. Zeitschr., p. 41, 1902. 

13 Corbino, О. M., Atti. Assoc. Electr., Ital., 1903. 


15 


Alexanderson,'4 using a radio frequency generator, obtains 
results which may be stated as follows: (1) that the permeability 
is the same at high as at low frequencies, and (2) that a higher 
induction than 1,200 lines per square centimeter cannot be 
reached on account of the “‘shielding effect" due to eddy-currents. 
The loss per cycle is less for higher than for lower frequencies, 
the observations extending from 40,000 to 200,000 cycles per 
second. Recently, Fassbender and Hupka’? outlined an experi- 
mental method for the determination of the permeability and 
the form of the hysteresis cycle for very high frequencies. Pre- 
liminary observations clearly show the change in the form of 
the hysteresis cycle due to the “shielding effect” of eddy-currents. 
The results also show, that even for a frequency of 200,000 
cycles per second, it is impossible to obtain wire of sufficiently 
small diameter to prevent disturbing effects due to eddy-currents. 


METHOD AND APPARATUS 


If an undamped oscillatory current is sent thru the winding 
of a toroid containing a core of soft iron wires, the iron core will, 
during each oscillation, pass thru a complete hysteresis loop. 
On the other hand, if the current is damped, however little, 
there will be a series of non-closed hysteresis loops for each train 
of oscillations. The rapid change in the magnetic induction 
will induce eddy-currents, which in turn cause a non-uniform 
distribution of the magnetic flux thru the cross-section of the 
iron. These processes manifest themselves in heat, and are 
generally designated as “heat losses." 

For the purpose of the measurement of these losses, two toro- 
ids, both being alike in every respect except that only one contains 
a specimen of the iron the losses of which are to be determined, 
are connected in series with each other in the secondary of an 
oscillating circuit. In Figure 1, Т, and T, respectively, represent 
the toroids without and with iron. Each of these toroids is 
placed in a separate calorimeter. If the heat capacity of the 
calorimeters, as well as of the toroids, is the same, and the J? R 
losses in the winding of the two toroids are equal, then the 
heat produced by the iron specimen in one calorimeter may be 
balanced in the other one by means of a direct-current heating 
coil ( H C, Figure 1). 

Each calorimeter consists essentially of two parts, an inside 
vessel C;, Figure 2, and an outside one, C,. "The inside vessel 


-M Alexanderson, Elektrotechn. Zeitschr., 32, p. 1078, 1911. 
16 Fassbender and Hupka, Jahrbuch der Drahtlosen, Telephonie und Tele- 
graphie., 6, p. 133, 1913. 
16 


is supported by the brass cones c and the ebonite disc r, and 
separated from the outside vessel by an air space and the three 
equally-spaced insulators т, only one of which is shown in the draw- 
ing. Both vessels have their entire surfaces nickel-plated and 
polished. By such an arrangement the loss of heat by conduc- 
tion and radiation is reduced to a minimum. The cover of each 
calorimeter is fitted to the outside vessel by a ground joint, and 
is provided with six vertical tubes. The central tube, 1, admits 
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FIGURE 1—Diagram of Connections 


one end of the thermo-pile; tubes, 2, admit the supports for the 
stirrers, s, and tubes, 3, the leads to the toroids. The remaining 
tube, 4, admits the leads of the direct-current heating coil which 
is placed in the calorimeter containing the toroid without iron. 
Each lead wire is carefully insulated from the tube which admits 
it. The stirrer in each calorimeter consists of two parallel 
discs, equal in diameter and held together by four uprights. 
Each disc has a series of circular openings arranged in the form 
ofa circle. Its internal diameter is large enough easily to permit 
motion of the stirrers past the toroid, which is supported in the 
central portion of the calorimeter. Both of the calorimeters 
are mounted on a common base and entirely immersed in a bath 
of kerosene, so that the liquid surface is above the ground joints 
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but below the upper ends of the vertical tubes. The tempera- 
ture of this external bath is maintained approximately the same 
as that of the calorimetric liquid within the calorimeters by 
means of a heating coil and stirring apparatus. The turns of 
the toroids are wound on two glass cylinders, about four cen- 
timeters (1.6 inch) in diameter and one centimeter (0.4 inch) in 
width, both cylinders having been cut from the same glass tubing. 


FIGURE 2—Diagram of Calorimeter 


Around one of these cylinders the specimen of soft iron wire had 
been previously wound in the form of a helix of small pitch. 
With this type of core the individual turns of the specimen are 
well insulated from each other and their direction is nearly 
parallel to the direction of the magnetic field. A small quantity 
of iron is used in order that the inductance due to the presence 
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of the iron shall be a small fraction of the total inductance of 
the secondary circuit, and that there may not be an excessive 
rise in temperature within the calorimeter. 

The heating coil, made from number 30 constantan wire, * 
is wound non-inductively on an ebonite support. The current 
thru the coil can be varied by “taking off potentials" from the 
potentiometer PC, Figure 1. The ammeter I is in the circuit 
of the heating coil, and the voltmeter is connected across its 
terminals. | 

To test for the equality of temperature between the two cal- 
orimeters, a thermo-pile consisting of 12 copper-constantan junc- 
tions is used. These junctions are arranged in two groups of 
six junctions each. With such an arrangement the two groups 
may be balanced against each other and thus the circuit tested 
for stray electromotive forces. To reduce the latter to a mini- 
mum all terminal contacts are of copper, as well as all switches, 
and the lead wires are well sheathed and protected. 

The Chaffee Ї#!7 gap, used as the source of the oscillations, 
possesses the especial advantage of not only producing con- 
tinuous oscillations of a definite wave form at radio frequencies, 
but also of operating in such a manner that the oscillogram of 
its current wave can readily be obtained. On account of its 
method of operation, the damping of the current is generally 
very small. It consists, essentially, of an aluminum cathode 
and an anode of copper, both terminals being surrounded by an 
atmosphere of hydrogen. The general diagram of the circuit 
is shown in Figure 1. The primary circuit consists of an e m f. 
of 500 volts, direct-current, connected in series with a variable 
resistance №, two choke coils Li, the gap G, and two variable 
inductances L’ and L,. In parallel with the inductances L’ 
апа L, and the gap itself is placed a variable condenser Ci. 
The secondary circuit consists of the variable inductance Lz, 
air condenser С», hot-wire ammeter I, the two toroids T 
and Т, and the magnetic deflecting coil M. The variable 
inductance L’ of the primary and the variable inductance La 
of the secondary circuit form a closely connected oscillation 
transformer. The linkages of the primary thru the secondary 
may be changed by varying the number of turns of the primary 
inductance. The Braun tube is used in this experiment to indi- 
cate the condition of complete syntony between the primary and 


*Diameter of number 30 wire =0.0100 inch =0.025 em. 
16 Chaffee, E. L., Proc. Am. Acad. Arts and Sci., 47, p. 267, 1911. 
u Washington, Bowden, Proc. Inst. RADIO Ехснв., 4, p. 341, 1916. 
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the secondary circuits, and also to indicate the form of the cur- 
rent wave in the secondary circuit. The terminals of the primary 
capacity C; are connected to the electrostatic plates of the tube. 
The magnetic deflecting coil M, Figure 1, is a part of the second- 
ary circuit, and is used to deflect the cathode beam at right 
angles to the deflection of the electrostatic field.!8 This coil 
consists of sixteen turns of annunciator wire (number 18, cotton 
covered*), half of the turns being on opposite sides of the tube. 
Electrostatic deflection of the cathode beam by the coil is avoided 
by completely surrounding the tube inside the coil by a split 
solenoid.? The fluorescent screen F S, Figure 1, made from 
finely powdered calcium tungstate, was used for visual obser- 
vation and for photographic purposes, and was found very sat- 
isfactory. The camera used in photographing the oscillogram 
was placed below the screen, so that its axis coincided with the 
axis of the tube. By this arrangement distortion of the picture 
of the oscillogram is prevented. 


METHOD OF OPERATION AND PROCEDURE 


The operation of the gap can be most readily understood by 
tracing the sequence of phenomena from the instant at which 
the system is started. When the potential of the primary con- 
denser C, has attained a value sufficient to break down the high 
resistance of the gap, the discharge of C; and the main current 
I, rush across the gap and thru the primary inductance L’. 
After the discharge, the main current remains constant and 
flows into C; at a practically constant rate, neutralizing the in- 
verse charge on the condenser and charging it again in the initial 
direction. The secondary thus receives periodic impulses from 
the primary. The frequency of these impulses depends on the 
main current and the capacity in the primary circuit, and not 
on the duration of the discharge. During the intervals between 
the successive discharges of the primary circuit, the secondary 
circuit oscillates with its own free period and with a damping 
determined wholly by the conditions existing in it. The ampli- 
tude of the oscillations can be maintained nearly constant by 
making the primary impulses occur at every three or four oscilla- 
tions of the secondary. Since the primary condenser charges 
up at a uniform rate, if its terminals are connected to the electro- 

* Diameter of number 18 wire 20.0403 inch 20.102 em. 

18 As drawn, the coil is in the plane of the paper and the deflection 
caused by it would be parallel to the deflection produced by the electrostatic 


field. 
1? Chaffee, E. L., above reference. 
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static plates of the Braun tube, and the oscillatory current in 
the secondary is run thru the magnetic deflecting coil, an oscillo- 
gram will be obtained on the fluorescent screen. This oscillo- 
gram indicates the wave form of the secondary current, and also 
shows the number of its oscillations for each discharge of the 
primary. 

Preparatory to the taking of a set of observations, the capacity 
of the secondary circuit is varied until its frequency of oscillation 
has the value at which one wishes to make an observation. If 
the two circuits are not in syntony, the constants in the primary 
are varied until such condition is attained. The primary capac- 
ity is generally kept as large as possible, consistent with the 
energy to be transmitted and the number of oscillations of the 
secondary for each discharge of the primary. The current in 
the secondary is varied by changing the linkages between the 
inductances L’ and Lz. During a set of observations for a given 
frequency, generally, the inductance Ls is not altered, but the 
number of linkages changed only by varying the number of 
turns of the inductance L’. Since L’ is used as one side of a 
variable transformer it is convenient to have an additional 
variable inductance L, in the primary. 

The number of oscillations of the secondary per second is 
determined by means of a wave meter. The resonance between 
the secondary circuit and the wave meter was in most of the 
observations very sharp. 

In the taking of any given observation, the current thru the 
direct-current heating coil is varied until the rate of rise of tem- 
perature in the two calorimeters is the same, as indicated by zero 
deflections of the galvanometer in the thermo-pile circuit, if the 
calorimeters are at the same temperature, or by a constant 
deflection of the galvanometer if the calorimeters are at a slightly 
different temperature. Generally, two preliminary observations 
are taken, one which will give à more rapid rise of temperature 
in the calorimeter with the heating coil, and a sccond which will 
give a less rapid rise of temperature. By interpolating between 
these two values of the current, a new and more accurate value 
can now be obtained. The calorimeters are then brought to 
the same temperature, the current set at the interpolated value, 
and the observation again repeated. If it is satisfactory, the 
heat developed by the heating coil in one calorimeter, and by the 
specimen of iron in the other calorimeter, can be caleulated from 
the readings of the ammeter and voltmeter in the heating coil 
circuit. 
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Data, RESULTS, ERRORS AND CONCLUSIONS 


The galvanometer, G,, Figure 1, used in the thermo-pile cir- 
cuit was a high resistance D'Arsonval instrument. Tho it was 
not especially adapted for thermo-pile work, and for the particu- 
lar junctions used, yet a difference of temperature of 0.004?C. 
between the two calorimeters could be read directly, when the 
scale was at a distance of two meters (78.7 inches) from the gal- 
vanometer. During any given set of observations, there was in 
the majority of cases a rise of from 4 to 6 degrees within each 
calorimeter. | 

The thermal-junctions were arranged in two sets of six pairs 
each. By such an arrangement, even tho the calorimetric fluids 
were at different temperatures, there should be no deflection of 
the galvanometer if the two sets were opposed to each other, 
provided there is no other source of emf. in the circuit. At 
the beginning of every set of observations, the two sets of thermal- 
junctions were balanced against each other, as well as at the end 
of each set of observations. 

The hot-wire ammeter I», in the secondary circuit, was 


PLATE 1 
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calibrated by comparison with direct-current values. In the 
calibration it was assumed that the resistance of the hot-wire 
ammeter does not vary appreciably with the frequency, so that 
the calibration curve will hold equally well for radio and for 
audio frequencies. This condition holds only when the wire 
of the ammeter is not more than 0.35 mm. (0.014 inch) in diam- 
eter. To serve as a check, comparisons were made on the 
Braun tube between the deflections produced by a direct-current 
of a given value and that produced by a radio frequency current. 
Figure 4 of Plate 1 shows such a comparison. The central spot 
indicates zero deflection. 

The volume of the specimen of iron on the toroid T is 0.0298 
ec. (0.0019 cu. inch). Both toroids are 4.078 cm. (1.61 inch) in 
diameter and the current-bearing winding of each consists of 
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FIGURE 3—Curves Showing Heat Developed in Watts Per Ce. Plotted 
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72.5 turns. The term “effective ampere-turns per centimeter” 
is used to designate the product NJ, where N is the number of 
turns per centimeter in the toroids and J the “square-root mean- 
square” values of the current as indicated by the hot-wire 
ammeter. | 

Figure 3 represents the results of Table I. The “effective 
ampere-turns per cm.” as abscissas are plotted against the heat 
developed in watts per cc. as ordinates for the various fre- 
quencies. 


TABLE I 


Current Values 


Deflection | Square- | Effective | Energy Energy 
of root mean-| ampere- | developed | developed 


hot-wire square turns in in watts Frequency 
ammeter values per cm. watts per cc. 
2.20 0.266 1.505 0.359 11.97 1,000,000 
4.00 .433 2.451 790 26 .33 1,000,000 
5.00 ‚526 2.977 1.112 37.07 1,000,000 
6.20 .638 3.611 1.776 59.20 1,000,000 
1.60 .207 1.172 0.184 6.13 550,000 
3.60 .395 2.236 .528 17.60 550,000 
5.20 ‚545 3.085 .974 32.47 550,000 
6.10 .629 3.560 1.349 44.97 550,000 
7.10 ‚724 4.097 1.850 61.67 550,000 
3.40 ‚376 2.128 0.390 13.00 300,000 
4.50 .479 2.711 9.626 20.87 300,000 
5.60 ‚982 3.294 0.908 30.27 300,000 
6.20 ‚638 3.617 1.089 36.30 300,000 
7.20 ‚788 4.148 1.496 49.87 300,000 
1.60 .207 1.172 0.101 3.35 150,000 
3.40 .376 2.128 0.259 8.65 150,000 
4.50 479 2.711 0.404 13.45 150,000 
6.20 .638 3.611 0.709 23.65 150,000 
7.20 . 133 4.148 0.987 | 31.25 150,000 


In Table I] are given the heatsdeveloped in ergs per cycle per cce., 
for definite values of the ''effective ampere-turns per em." These 
values are represented by the graphs of Figure 4. 

Plate I shows the current-wave forms for various frequencies. 
The eurrent in the secondary is thus not undamped, but the 
value of the damping can be made very small by making the 
primary impulses take place at every four or five oscillations of 
the secondary. This quantity is called by Chaffee * the ''in- 


20 Chaffee, E. L., previous reference. 
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TABLE II 


Energy 


developed in 
ergs per cycle 


per cc. 


1.42 X 10? 
4.94 X 10? 
10.97 X 10? 
19.60 × 10? 


.24 X 10? 
.88 X10? 
.31 X10? 
.23 X 10? 


.93 X10? 
.59 х 10? 
.53 X10? 
.66 x 10? 


.71 X10? 
.85 X10? 
.79 X10? 


Frequency 


150,000 
150,000 
150,000 
150,000 


300,000 
300,000 
300,000 
300,000 


550,000 
550,000 
550,000 
550,000 


1,000,000 
1,000,000 
1,000,000 


оомо ONNO олоюн 


> GO М м кь دن‎ М m 


.12x 101 1,000,000 


verse charge frequency." The value of this constant was 5 
thruout the entire experiment. Table III gives the values of the 
frequency for the different figures of Plate I. 


TABLE III 


Figure 


Frequency 150,000 | 550,000 | 300,000 | 1,000,000 


Tests were made for the relative heat capacities of the calori- 
meters, differences of heat losses of the calorimeters due to 
radiation and losses due to heat conduction along the leads, and 
relative J? R losses in the windings of each toroid. 

These tests were made by sending a direct-current of con- 
stant value thru the windings of the two toroids and then observ- 
ing the difference of the rate of increase in temperature between 
the two calorimeters. These tests indicated that the errors 
thus introduced were in the majority of the observations less 
than one-tenth of one per cent. The largest errors entering 
into the observations are the variations of the current values 
in the secondary circuit. During the time of an entire set of 
observations the current may vary from three to five per cent. 
of its mean value. 
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Figure 4—Curves Showing the Heat Developed in Ergs Per Cycle Per 
CC. Plotted Against the Frequency 


Curve 1, 4 “effective ampere-turns per cm.” 
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'The results of the experiment show that the heat developed 
per cycle by magnetic hysteresis and eddy-currents in iron de- 
creases with an increase in the frequency of the oscillating mag- 
netic field. This fact indicates a decrease of the magnetic in- 
duction on account of the "shielding-effect" produced by the 
eddy-currents. 

Jefferson Physical Laboratory, 
Harvard University, 
June 1, 1918. 


SUMMARY: After reviewing the bibliography of heat losses per cycle at 
various frequencies, the author describes a comparison calorimetic method 
whereby the losses in the soft iron wire core of a toroid are measured (against 
a similarly wound toroid without an iron core). The Chaffee gap radio fre- 
quency generator is used. Braun tube oscillograms of the cycle are shown, 
together with experimental data on the iron losses. It is found that the loss 
per cycle decreases as the frequency increases. 
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THE MEASUREMENT OF RADIO FREQUENCY RESIS- 
TANCE, PHASE DIFFERENCE, AND DECREMENT* 


By 
J. H. DELLINGER 


(ASSOCIATE PHYSICIST, BUREAU OF STANDARDS, WASHINGTON, D. С.) 


Various methods of measuring radio (high) frequency resis- 
tances, the power factor or phase difference of radio condensers, 
the sharpness of a resonance curve, and the decrement of a wave 
have been given. It is proposed in this paper: (1) toshow that 
these quantities all express essentially the same physical magni- 
tude and hence a single process of measurement gives them all; 
(2) to derive and classify the methods of measurement; (3) to 
describe improvements in these measurements. 


RELATIONS OF THE QUANTITIES 


The principal difference between the phenomena of radio 
(high) and audio (low) frequency is the importance of capacity 
and inductance at radio frequency as compared with the pre- 
dominance of resistance in audio frequency phenomena. Never- 
theless, resistance is the measure of power consumption, since 
any dissipation or loss of electrical power is expressible in terms 
of a resistance. Furthermore, resistances change rapidly with 
frequency at radio frequencies. The change can be calculated 
for certain very simple cases, but in most practical cases the 
resistance can be determined only by measurement. Thus the 
measurement of resistance at radio frequencies is a necessary 
and important operation. 

Certain related quantities also express power dissipation. 
The results of a measurement can be expressed in terms of any 
of these quantities when their relations are clearly established. 

In a simple series circuit, Figure 1, when the emf. is a sus- 
tained sine wave, а maximum of current is obtained when the 
inductive reactance is just equal to the capacitive reactance, 
1. e., when the equation 


* Received by the Editor, April 17, 1918. 
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reduces to Г, = This condition of resonance obtains when 


R 4 
ес 
or = 1. (1) 
M OL 


FIGURE 1 


For any variation of either w, L, or C, from this condition, as at 
A for the curves of Figure 2, the current is smaller than the value 
for which this relation holds. 


FIGURE 2 
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The phase angle of the circuit is zero at resonance as shown 
in Figure 3. The expression, phase angle of the circuit, means 
the same thing as phase angle of the current in the circuit. 


ee Ф => = => чэ Ф a ©» =з єз @ « 


FIGURE 3 


The phase angle 0 of the coil, considering the resistance R to 
be associated with the coil L, is equal to the phase angle 0 of 
the condenser, considering the resistance to be associated with 
the condenser. The complement of the phase angle @ is the 
phase difference y. From icd 3, 


lan y= = оС 


When А and ¥ are small, as Eo in radio circuits, the tangent 
equals the angle and 


Veo eq ot (2) 
wL 


Phase difference is thus a ratio of resistance to reactance. It 
follows also that Y» = sin \ = cos 0, or phase difference is equal 
to power factor. The same relation is brought out by multi- 
plying in (2) by P. 

RI 

wL 1? 

Е 1? 

JT 

оС 

=ratio of power dissipated to power flowing. 


or 


v= 
y 
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Thus 
r = power factor. (3) 
Another quantity of importance in connection with the 
expression of power dissipation is the sharpness of resonance. 
This is the quantity which measures the fractional change in 
current for a given fractional change in either the capacitive 
or inductive reactance from its value at resonance. (Practi- 
cally the same quantity has been known as persistency. selectivity, 
and resonance ratio.) It may be defined in mathematical 
terms for a variation of C by the following ratio 


12—1г 
= NI? 


C 


where the subscript °°,” denotes value at resonance, and J, is some 
value of current corresponding to a capacity C which differs from 
the resonance value. The numerator of this expression is some- 
what arbitrarily taken to be the square root of the fractional 
change in the current-square instead of taking directly the frac- 
tional change of current. This is done partly because of the 
convenience in actual use of this expression (since the deflections 
of the usual detecting instruments are proportional to the square 
of the current), and also because of mathematical convenience. 
It is easily seen qualitatively that sharpness of resonance is 
large when phase difference is small; as when R is small com- 
pared with wL, a given fractional change in wL changes the im- 
pedance, and therefore the current, by a relatively large fractional 
amount. Quantitatively, from the relations, 


S 


M 9 
Lee = ‚ І? = oe апа оГ = E3 ; it follows at 
1 y R? оС, 
В+ | oL- — 
al 
once that 
2—1? 
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=ratio of power flowing to power dissipated. Thus, 
Sharpness of resonance = reciprocal of power factor. — (5) 


Another related quantity is the logarithmie decrement. 
For free oscillation in a simple circuit, the value of the decrement 
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ог napierian logarithm of the ratio of two successive current 
maxima in the same direction is readily shown to be 


ав. C -78 = 

=R E IRE zRwC (6) 
Comparing with (2) and (4), 

ü—zWy-— A (7) 


That is, altho defined originally in connection with damped 
oscillations, the decrement is a constant of the circuit and can 
be dealt with in the same way as resistance and the other energy- 
determining quantities. It is similarly possible to speak of the 
decrement of a part of a circuit in the same manner as phase 
difference and resistance. 

The decrement is definable in terms of an energy ratio. Thus 


zRP RP 

Qo a4 zR zRB 2] _, f 

б=пў= eLPB LE TIT 
RI? 


For sustained sinusoidal oscillations, d — energy dissipated 


per cycle, апа LI?=}‡}L (21°) =} LI," = magnetic energy as- 
sociated with the current at the maximum of the cycle. It 
follows that the decrement is one-half the ratio of the energy 
dissipated per cycle to the energy associated with the current 
at the maximum of the cycle. This relation holding for each 
cycle, it holds for the average of all the cycles. 

That the same definition of decrement applies to the natural 
damped oscillations of a circuit may be shown as follows. Sup- 
pose the circuit to be set oscillating, so that a train of natural 
oscillations takes place, N times per second, and that the energy of 
each train is practically all dissipated before the next one be- 
gins. WN is the group frequency or number of complete trains 
of oscillations per second. The energy dissipated during a train 
of waves equals the energy input at the beginning of each 
train = LI, where I, is the first maximum of current. 
The average energy dissipated per cycle must equal the en- 
ergy dissipated during a train of waves divided by the num- 
ber of cycles in a train. The number of cycles in a train is 
the ratio of the frequency of oscillations f to the group frequency 
N. Therefore, the average energy dissipated per cycle= 
LI? NLI? 


wf‏ ل 
N‏ 


The average energy associated with the 
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current at the maximum of each cycle may be shown to be L IP, 
where J?=root-mean-square current, just as in the case of 
undamped currents, provided the decrement is not large. Ap- 
plying the energy-ratio definition of decrement, 


NLI? 
_, 2f NI? (8) 
"EON ay 


This checks the familiar equation for the root-mean-square 
value of natural oscillations, 


I} (9) 


This definition of decrement, one-half the ratio of the average 
energy dissipated per cycle to the average energy associated 
with the current at the maximum of each cycle, is a valuable 
conception. It has here been shown to apply to both un- 
damped oscillations and to natural damped oscillations. 

It is thus evident that resistance, phase difference, sharp- 
ness of resonance, and decrement are all constants of a circuit 
expressing energy dissipation or power factor. Their relations 
are given in equations (2) to (7). Using these relations, a meas- 
urement of any one of them can be made to give all the others. 
Since resistance is the simplest quantity, specific consideration 
is given in the following to resistance measurement. Neverthe- 
less in some cases one of the other quantities is the more con- 
venient or more useful one in terms of which to express the 
results of measurement. 


METHODS OF MEASUREMENT 


GENERAL—There is considerable difficulty in attaining 
high accuracy in measurements at radio frequencies. Much 
of this is due to the fact that the quantities to be measured or 
upon which the measurement depends are generally small and 
sometimes not definitely localized in the circuits. Thus the 
inductances and capacities used in the measuring circuits are so 
small that the effect upon these quantities of lead wires, indi- 
cating instruments, surroundings, ete., must be carefully con- 
sidered. The capacity of the inductance coil and sometimes 
even the inductance within the condenser are of importance. 
In order to minimize these various effects, it is generally best 
to use measuring circuits and methods which are the least com- 
plicated. On this account simple circuits and substitution 
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methods in which the determination depends upon deflections 
are usually used in preference to more complicated methods. 

In addition to the uncertainty or the distributed character 
of some of the quantities to be measured, there are other limita- 
tions upon the accuracy of radio measurements. The usual 
ones are the variation with frequency of current distribution, 
of inductance, resistance, and so on, and the difficulty of supply- 
ing radio frequency current of sufficient constancy. The lat- 
ter limitation is entirely overcome by the use of the electron 
tubes as a source of current, but is troublesome when a buz- 
zer, spark, or arc is used. As to the other difficulty: the 
variations of inductance, and so on, with frequency, while 
these variations have a profound effect, they are generally 
subject to control; the quantities have definite values at a par- 
ticular frequency under definite conditions, and their effect can 
usually be determined by calculation or measurement. 

It is not always possible to determine the effects of the 
capacities of accessory apparatus and surroundings, nor to 
eliminate them, and thus they remain the principal limitation 
upon the accuracy of measurements. These stray capacities 
include the capacities of leads, instrument cases, table tops, 
walls, and the observer. They may not only be indeterminate 
but may vary in an irregular manner. 


CLASSIFICATION OF METHODS 


On account of the requirement of simplicity in radio meas- 
urements, the methods available are quite different, and are 
fewer in number, than in the case of audio-frequency or direct- 
current measurements. 

The methods of measuring radio-frequency resistance may 
be roughly classed as: 


(1) Calorimeter method. 
(2) Substitution method. 
(3) Resistance-variation method. 
(4) Reactance-variation method. 


The fourth has frequently been called the ‘decrement 
method," but it is primarily à method of measuring resistance 
rather than decrement, exactly as the resistance variation 
method is. Either may be used to measure the decrement 
of a wave under certain conditions, and in fact the results of 
resistance measurement by any method may be expressed in 
terms of decrement. 
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All four methods may be used with either damped or un- 
damped waves, tho in some of them the calculations are different 
in the two cases. They are all deflection methods, in the sense 
of depending upon the deflections of some form of radio-fre- 
quency ammeter. In the first and second, however, it is 
only necessary to adjust two deflections to approximate 
equality, while in the third and fourth the deflections may 
have any magnitude. 


CALORIMETER METHOD 


This method may be used to measure the resistance either 
of a part or the whole of a circuit. The circuit or coil or other 
apparatus, the resistance of which is desired, is placed 1n some 
form of calorimeter, which may be a simple air chamber, an 
oll bath, or other suitable form. The current is measured by 
an accurate radio-frequency ammeter, and the resistance №, is 
calculated from the observed current J and the power, or rate of 
heat production, P 
P-2R,r (10) 


FIGURE 4 


While P might be measured calorimetrically, in practice it is 
always measured electrically by an auxiliary observation in 
terms of audio-frequency or direct current Thus it is only 
necessary to observe the temperature of the calorimeter in any 
arbitrary units when the radio-frequency current flows, and 
then cause audio-frequency current to flow in the circuit, adjust- 
ing its value until the temperature becomes the same as before. 
Denoting by the subscript “,” the audio-frequency values 


P= RIF 
Р В, Г 
P, RI? 
R, PI? 
R Р, Г 


I? 
For P-P,, R= Ror; (11) 
From the known audio frequency value of the resistance, there- 
fore, and the observed currents, the resistance is obtained. 

The radio and audio frequency observations are sometimes 
made simultaneously, using another resistance of the same 
magnitude as that of the apparatus, the resistance of which is 
desired, placed in another calorimeter as nearly identical with 
the first as possible. High (radio) frequency current is passed 
thru one, low (audio) frequency thru the other, and the calori- 
meters kept at equal temperatures by means of some such 
device as a differential air thermometer or differential thermo- 
element. To compensate for inequalities in the two sets of 
apparatus, the radio and audio frequency currents are inter- 
changed. This method may be found more convenient in some 
circumstances, but the extra complication of apparatus is usu- 
ally not worth while, and the value of the measurement 
depends upon the accurate observation of the radio frequency 
current J, just as the simpler method does. 

The calorimeter method, while capable of high accuracy, 
is slow and less convenient than some of the other methods. 
It has been used by a number of experimenters to measure the 
resistance of wires and coils. 


SUBSTITUTION METHOD 


This method is applicable only to a portion of a circuit. 
Suppose that in Figure 4 the coil L is loosely coupled to a source 
of oscillations The capacity C is varied until resonance is 
obtained, and the current in the ammeter is read А resistance 
standard is then substituted for the apparatus R, and varied 
until the same current is indicated at resonance. If the substi- 
tution has changed the total inductance or capacity of the cir- 
cuit, the retuning to resonance introduces no error when un- 
damped or slightly damped electromotive force is supplied, 
provided the change of condenser setting introduces either a 
negligible or known resistance change. In the case of a rather 
highly damped source, however, the method can only be used 
when the resistance substitution does not change the inductance 
or capacity of the circuit. The unknown №, is equal to the stand- 
ard resistance inserted, provided the electromotive force acting 
in the circuit has not been changed by the substitution of the 
standard for №: this condition is discussed below. 

The resistance standards usually used are not continuously 
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variable, and hence the standard used may give a deflection of 
the ammeter somewhat different from the original deflection. 
To determine the resistance in this case, three deflections are 
required, all at resonance. In one application, the apparatus 
of unknown resistance №, is inserted and the current J, ob- 
served; then a similar apparatus of known resistance R, 15 
substituted for it and the current J, observed; and finallv a 
known resistance R, is added and the current J, observed. The 
relations between these quantities and the electromotive force 
involve the unknown but constant resistance of the remainder 
of the circuit R, thus, 


RE R- Ё. 
1, 
Е 
R+R= р 
R+R,+R= Е 
1 
Tn 
from which R,—R,=R, — (12) 
jn 
1 


This method is closely related to the resistance variation method; 
see formula (13) below. 

The substitution method is very convenient and rapid and 
is suitable for measurements upon antennas, spark gaps, etc., 
and for rough measurements of resistances of condensers and 
coil. In radio laboratory work, however, using delicate instru- 
ments and with loose coupling to the source of oscillations, it 
is found that it is not a highly accurate method, except for 
measuring small changes in resistance of a circuit. The reason 
for this is that there are other eleetromotive forces acting in 
the circuit than that purposely introduced by the coupling 
coil, viz., emf.'s electrostatically induced between various parts 
of the circuit. When the apparatus under measurement 18 
removed from the circuit, these emf.'s are changed, and there 
is no certainty that when the current is made the same the re- 
sistance has its former value. Something of the same difficulty 
enters into the question of grounding the circuit in the following 
method, as discussed below. 


RESISTANCE VARIATION METHOD 


This method measures primarily the effective resistance 
of the whole circuit, including that due to condenser losses and 
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to radiation. The principle may be readily understood from the 
diagram of the simple circuit, Figure 5. 


SOURCE 


FIGURE 5 


If the resistance of some particular piece of apparatus, 
inserted at P for example, is to be found, the resistance of the 
circuit is measured with it in circuit and then re-measured in the 
same way with it removed or replaced by a similar apparatus of 
known resistance; and the resistance of the apparatus is obtained 
by simple subtraction. 

The results of a measurement may be expressed in terms of 
v, S, or 6 by equations (2) to (7) above. The method, how- 
ever, is particularly convenient where resistance is the actual 
quantity the value of which is wanted. 

The measurement is made by observing the current J in the 
ammeter A when the resistance №; has its zero or minimum 
value, then inserting some resistance №; and observing the cur- 
rent Л. Let R denote the resistance of the circuit without 
added resistance. Suppose that a sine-wave electromotive 
force E is introduced into the circuit by induction in the coil L 
from a source of undamped waves, and that the two observations 
are made at resonance. For the condition of resonance, 


E 
1= 8 
E 
n= BLR; 
from which the resistance of the circuit is given by 
_ I, _ В, 
бешге ш i (13) 


The same method can be employed using damped instead 
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of continuous waves, and can even be used when the current is 
supplied by impulse excitation, but the equations are different; 
see (59) and (16) below. When the damping of the supplied 
emf. 15 very small, equation (13) applies. 


PRECAUTIONS 


A limitation on the aecuracy of the measurement is the exis- 
tence of the emf.’s electrostatically induced that were men- 
tioned above. In the deduction of (13) it is assumed that E 
remains constant. The virtue of this method is that these 
emf.'s may be kept substantially constant during the measure- 
ment of resistance of the circuit. They will invariably be 
altered by the insertion of the apparatus, the resistance of which 
is desired, but the resistance of the circuit is measured accurately 
in the two cases and the difference of the two measurements 
gives the resistance sought. In order to keep these strav elec- 
tromotive forces unchanged when A, is in and when it is out 
of cireuit, particular attention must be paid to the grounding 
of the circuit. The shield of the condenser and the ammeter 
(particularly if it is a thermocouple with galvanometer) have 
considerable capacity to ground and are near ground potential. 
A ground wire, if used, must be connected either to the condenser 
shield or to one side of the ammeter. If connected to the high- 
potential side of the inductance coil, absurd results will be ob- 
tained. The resistance R, also must be inserted at a place of 
low potential, preferably between the condenser and ammeter. 


Use ОЕ THERMOCOUPLE 

Another necessary precaution is to keep the coupling between 
source and measuring circuit so loose that there is no reaction. 
This necessitates the use of a sensitive device for current meas- 
urement. As regularly carried out at the Bureau of Standards, 
in the resistance variation method, a pliotron is used as a source 
of undamped emf., and current is measured with a thermo- 
couple in series in the measuring circuit. The currents corre- 
sponding to given deflections of the thermocouple galvanometer 
are obtained from a calibration curve, or from the law d c J?, 
where d= deflection, if the instrument follows this law sufficiently 
closely. When the defleetions follow this law, equation (13) 
becomes 


d (14) 


Several values of resistance R, are usually inserted in the circuit 
and the corresponding deflections obtained; the resulting values 
of Ё are averaged. 

When the thermocouple follows the square law accurately, 
the quarter deflection method may be used, which eliminates 


all calculation. When the deflection d, is 1, equation (14) 
becomes 

R=R, (15) 
This method requires a variable resistance standard such that 
R, can be varied continuously in order to make d, just equal to 2 


Practically the same method is used if the resistance is varied 
by small steps, as in a resistance box, and interpolating between 
two settings of №). 


USE oF IMPULSE EXCITATION 


The procedure for the resistance variation method is the same 
when the current is damped as when undamped. When the 
circuit is supplied by impulse excitation, so that free oscillations 
are produced, the theory of the measurement is very simple. 
The current being J when the resistance is R, and J, when the 
resistance R, is added, the power dissipated in the circuit must 
be the same in the two cases because the condenser in the cir- 
cuit is charged to the same voltage by each impulse which 15 
impressed upon it, and there is assumed to be no current in the 
primary after each impulse. 


Therefore 
RI?=(R+R,) 1,2 
whence, 
R-R,U. (16) 
D-1 


It is difficult to obtain high accuracy by the method in practice 
because of the difficulty of obtaining pure impulse excitation. 

The method is specially convenient when an instrument is 
used in which the deflection d is proportional to the current 
squared. "Then (16) becomes 


jf Se (17) 


This is still further simplified if the resistance №; is adjustable 
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oy that d; can be made equal to one-half d. The equation then 
геев ty 


R=R. (18) 


Thi- te commonly known as the half-deflection method. 


Cer оу DaMrFED Excitation 

The resistance variation method has already. been shown to 
be usable with either undamped or free oscillations. It can also 
le eed when the supplied enuf. is damped so that both forced 
and free oscillations exi-t in the circuit. The equations (56) 
to (65) below show how the decrement of a circuit. is ob- 
tained from such measurements. Resistance is then readily 
calculated by equation (6). As already stated. when the 
damping of the supplied emf. is extremely small, equation (13) 
applies, The decrement of the supplied emf. may itself. be 
obtained by such measurements whether the emf. be due to a 
nearby circuit or to a wave travelling thru space. 


APPLICATION OF METHOD 

This method is used in precision measurements upon con- 
densers, coils, wavemeters, ete. The accurate measurement 
of resistance of a wavemeter circuit is of particular importance 
because the wavemeter is frequently used to measure the resist- 
ance, phase difference, or decrement of other apparatus. It 
is the calibration of a resistance-measuring standard. 

The resistance of a wavemeter is not a single constant value. 
It varies with frequency and with the detecting or other appara- 
tus connected to the wavemeter circuit. Usually both the re- 
distance and the decrement of the circuit vary with the condenser 
setting. It is usually desirable to express either resistance, 
sharpness of resonance, or decrement in the form of curves for 
the several wavemeter coils, each for a particular detecting 
apparatus or other condition. 

When a pliotron, are, or other source of undamped wave 
is used, formula (13) above is used. When the current-meas- 
uring device is а current-square meter, thermocouple or crystal 
detector with galvanometer, or other apparatus which is so cah- 
brated that deflections are accurately proportional to the square 
of the current, and when in addition a continuously variable 
resistance standard is used, the quarter-deflection method may 
be employed eliminating all calculation. 

When a buzzer or other source is used, arranged to give 
пприхе excitation, equation (16) above gives the resistance. 
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When the current indicator is calibrated in terms of the square 
of the current and the resistance standard is continuously vari- 
able, the measurement is conveniently made by the half-de- 
flection method. 


REACTANCE VARIATION METHOD 


This has been called the decrement method, a name which 
is no more applicable to this than to the other methods of re- 
sistance measurement since all measure decrement in the same 
sense that this does. That the method primarily measures 
resistance rather than decrement is seen from the fact that in 
its simple and most accurate form it utilizes undamped current, 
which has no decrement. 

The method is analogous to the resistance variation method, 
two observations being taken. The current J,in the ammeter 
(Figure 6) is measured at resonance, the reactance is then 
varied and the new current Г, is observed. The total resistance 
of the circuit R (including that due to condenser losses, radia- 
tion, etc.) is calculated from these two observations. The re- 


source 
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FIGURE 6 


actance may be varied by changing either the capacity, the 
inductance, or the frequency, the emf. being maintained con- 
stant. The reactance is zero at resonance and it is changed to 
some value X, for the other observation. With undamped 
emf. E, the currents are given by 


From these it follows that 


nho 
R- Xvi " 
41 


This has a similarity to R=R,- ^,» the equation (13) 


I, 
1—1, 
for the resistance-variation method. It is also interesting that 
when the reactance is varied by such an amount as to make the 
quantity under the radical sign equal to unity, the equation 
reduces to 


R= X, (20) 


This is similar to R= Ri, which is the equation for the quarter- 
deflection and half-deflection resistance-variation methods. 


RESISTANCE MEASUREMENT 
When the reactance is varied by changing the setting of a 


variable condenser, 
1 1 
X= 4| 
i E ot 


and the equation (19) becomes 


_ + (C,-C) de. 
— l 
«e C, C [s (2 ) 
For variation of the inductance, (19) becomes 
Р= + w(L— d (22) 


and for variation of the frequency 


R= eh (oe) | ا‎ (23) 


This equation is equivalent to 


_ + бях 10°, = 1? 
сЕ "e 12—11° (24) 
for 4 in meters, R in ohms, and L in henrys. 

It must be noted that variation of the frequency or wave 
length requires some alteration in the source of emf., and the 
greatest care is necessary to insure that the condition of con- 
stant emf. is fulfilled. This is discussed below in connection 
with equations (30) and (31). 

In the use of equation (22), some error is introduced into 
the measurement if the variable inductor is also used as the 
coupling to the source, on account of the variation thus intro- 
duced into the E supplied. The per cent. error, however, is 
usually not more than the per cent. variation of L. 

A convenient method which differs slightly from those just 
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described is to observe two values of the reactance both cor- 
responding to the same current Г, on the two sides of the resonant 
value I,. For observation in this manner of two capacity 
values С, and С, 


~1a-G __1 DO (25) 
У С, С, 1,2 — 1,2 

The simple derivation here given for these formulas is much 
shorter than the usual treatments, and at the same time is more 
comprehensive. These formulas are all rigorous, involving no 
approximations, provided the applied emf. is undamped. 
They also apply for damped emf. when the damping is negligibly 
small. 

It is customary to reduce the labor of computation by vary- 
ing the reactance by such an amount that I= } I}, making 
the quantity under the radical sign equal to unity, so that 
formulas (21) to (25) are much simplified. 


MEASUREMENTS OF PHASE DIFFERENCE, SHARPNESS OF REso- 
NANCE, AND DECREMENT 


Measurements by the reactance variation method are very 
conveniently expressed in terms of phase difference, sharpness 
of resonance, and decrement. The formulas are in fact simpler 
for any of these quantities than for resistance. Thus, utilizing 
equations (2) to (7) it is readily found that (21) is equivalent to: 


E O شا‎ (26) 


4 12—12 12—11} 
-(C—CN If (27) 


Б ا‎ е (28) 


Equation (27) is identical with (4) above, thus suggesting 
that the definition of sharpness of resonance itself contains 
inherently this method of measurement. The equations corre- 
sponding to (22) to (25) are obtained for ¥, S, and 0, in the 
same manner as (26) to (28). Those for phase difference, ex- 
pressed in radians, are 


S= 


-=@-ь) 
шиш ion 29) 

+ س(‎ 
¥= W Wr UNE T (30) 


E (220 А 12 
À Àr 112—1? | (31) 
n —С, Г? 

NS CA 143—1? (32) 
Phase difference is a particularly convenient constant in terms 
of which to express the results of measurements upon condensers, 
since the phase difference of most condensers is usually a con- 
stant with respect to frequency at radio frequencies. These 
formulas are rigorous provided ¥ is small, as it usually is in 
radio circuits, when the emf. is sustained, and hold also for 
damped emf. when the damping is negligibly small. The use 
of the method when the applied emf. has a moderate damping 

is discussed in the last section of this paper. 

A convenient way to utilize the method indicated in (30) and 
(31) is to vary the wave length by means of a variable condenser 
or inductor in the source circuit. An incorrect formula has 
sometimes been given for decrement measurement by this 
method. The following are rigorous: 


Ке Жо шг 
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where the capacities are those of the condenser in the source 
circuit. This method must be used with great caution because 
constancy of E, the applied emf., is required. The source cir- 
cuit is necessarily disturbed by the variation of its condenser 
setting; when the variation is small, and a pliotron is used as 
the source, the current J’ in the source circuit may not be appre- 
ciably changed. It is desirable to use a sensitive indicating 
instrument and actually observe I’. Constancy of I’, however, 
would not mean that the emf. acting on the measuring circuit 
was constant, for E=w M I’, and thus E varies by the amount 
of the w variation. The per cent. error in the resulting value 
of ¥ or д equals the per cent. change of С’, when the method 
is made by the familiar procedure which reduces the current 
ratio under the radical to unity. 


DIRECT-READING PHASEMETERS AND DECREMETERS 

A phasemeter as used in radio work is a wavemeter con- 
veniently arranged for measurements of phase difference. А 
decremeter is a wavemeter similarly arranged for measurements 
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of decrement. While, of course, resistance and sharpness of 
resonance can be calculated from measured values obtained by 
either of these instruments, the principal application of a phase- 
meter is in measurements of phase difference of condensers and 
of dielectric materials and the principal use of a decremeter is 
in the measurement of the decrement of a wave. The forms of 
these instruments usually employed make use of the reactance- 
variation method. Any such instrument may be used either as 
a phasemeter or a decremeter by merely changing the instrument 
scale by a constant factor. While decremeters have been 
more commonly used, the phasemeter is a somewhat more 
direct application of the underlying theory. In the develop- 
ment of the theory of the instrument, undamped (sustained) 
sine-wave emf. is assumed. 


DETERMINATION OF THE SCALE OF A PHASEMETER OR DECRE- 
METER 


Any wavemeter, the circuit of which includes some form of 
ammeter, may be fitted with a special scale from which phase 
difference or decrement may be read directly. The procedure 
for a wavemeter having any sort of variable condenser is given 
here. 

The usual use of the reactance-variation method is in accord- 
ance with equation (32), the currents being adjusted so as to 
make the quantity under the radical unity. That is, the cur- 
rent-square meter is first observed at resonance, the variable 
condenser is reset to a value C, on one side of resonance such that 
the current-square is reduced to one-half, and then set to another 
value C; on the other side of resonance giving the same current- 
square. The phase difference is calculated by 


С—С; 
фә Ee in 
A certain value of phase difference, therefore, corresponds to that 
displacement of the condenser’s moving plates which varies 
the capacity by the amount (C2—C,). The displacement for а 
given phase difference will, in general, be different for different 
values of C, the total capacity in the circuit. At each point of 
the condenser scale, therefore, any displacement of the moving 
plates which changes the square of current from 4 I, on one 
side of resonance to the same value on the other side means a 
certain value of ¥. | 

A special scale may, therefore, be attached to any variable 
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condenser, with graduations upon it and -o marked that the dif- 
ference between the two setting= on the two sides of resonance 
is equal to the phase difference. The spacing of the graduations 
at different parts of the scale depends upon the relation between 
capacity and displacement of the moving plates. When this 
relation i$ known, the «cale can be predetermined. A scale 
may, therefore, be fitted to апу conden-er. from which phase 
difference may be read directly, provided the capacity of the 
circuit. is known for all settings of the condenser. The scale 
may be attached either to the moving plate svstem or to the 
fixed condenser top. It is usually convenient to attach it to 
the unused half of the dial opposite the capacity scale. 

The scale for such an instrument is determined as follows. 
When the change of capacity setting is small. as usually in radio 
work, (33) may be written 
ас 
йыт. 
Letting s denote readings on the required scale. the value of Y 
is the difference of two s readings, or 


y = (1 з 
dC 


П х= =. 


2C 


The readings of the seale are then given by 


2 “dC 
Је 2C 


s= } (log, C, — log, C) (35) 


C, is the arbitrary capacity chosen as the zero point of the scale. 
Thus the seale ean. begin anywhere. Such a scale gives ¥ in 
radians, 

A wavemeter in which the inductance is variable and the 
capacity fixed is also convertible into a phasemeter in similar 
manner. The instrument is operated in just the same way, 
and the equation, corresponding to (33), is 


(34) 


ПЕЧИ 
eee! 36 
Y La+ Lı ( ) 
and the direct-reading phasemeter scale is given by 
s=} (log, La— log, L) (37) 


where La is the arbitrary inductance chosen as the zero point 
of the seale. 
A direct-reading decremeter is made in precisely the same 
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way as a phasemeter. The decrement is z times the phase 
difference in radians, hence the equations for a decrement scale 
on a wavemeter with a variable condenser or variable inductor 
are respectively 


j= 5 (log, C, — log. C) (38) 
в= 2 (log. 1,, — log, L) (39) 


The phase difference or decrement measured by such an 
instrument, using undamped sine-wave emf., is the phase 
difference or decrement of the measuring circuit itself. Its 
application to measuring the decrement of a wave is explained 
in the last section below. When the instrument is used as the 
measuring circuit with undamped emf., the variable condenser 
or inductor must be one having zero effective resistance or in 
which the resistance for each setting and each wave length is 
accurately known, in order that the resistance or Y^ or à of 
other apparatus connected in the circuit may be obtained. When 
a variable condenser is used as the phasemeter it is thus con- 
venient for measurements upon coils, and when a variable in- 
ductor is the phasemeter it is a convenient means for measure- 
ments upon the R or ¥ or à of any condenser connected to it. 

The. direct-reading phasemeter or decremeter may also be 
used in the source circuit, to vary the w ог А supplied to the 
measuring circuit, as described in connection with equations 
(30) and (31) above. In this use it is not necessary to make 
correction for the resistance of the phasemeter or decremeter 
itself, whether it be variable condenser or variable inductor, 
as it has no effect upon the measuring circuit, except insofar as it 
may effect the value of w, which would be a second-order effect. 
This use of the direct-reading phasemeter is now being exhaustive- 
ly studied by Messrs. G. C. Southworth and J. L. Preston at 
the Bureau of Standards. | 


SIMPLE DinECT-READING PHASEMETER OR DECREMETER 


It is particularly easy to make a phasemeter or decremeter 
out of a condenser with semi-circular plates. Such condensers 
follow closely the linear law, 

C =aB+C, (40) 
where P is the angle of rotation of the moving plates and a and C, 
are constants. It can be shown that the phase difference scale 
applicable to such a condenser is one in which the graduations 
vary as the logarithm of the angle of rotation. Furthermore, 
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the same scale apples to all condensers af ihis type. This svar 
has been calculated snd is g:ver in Figure 7 for value of ріш 


difference in degrees. 


bu Seni ee ee LT SEN Soa Бата: Loren- 
Cap equa Пп Н! П án 
m 'nak Ae eg Y 1—4, | + 
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Let С„= а В,, 
ae [logi (B. +B.) —login(B+8,) | (42) 
For C= B, — 0, 

s=1.151 (logi Ba iia B) (43) 


logi В = logi Ba TET 


For s expressed in degrees rather than radians, and for 8, = 180^, 
the angular separation in degrees on the ¥ scale is given by 


8 
„8 =1 = 44 
logw В = logi 180— £^ 301181) ы) 


This scale may be used as it stands оп any variable condenser 
with semi-circular plates, regardless of the kind of capacity 
scale on the condenser or even if the condenser has no scale 
whatever on it. The phase difference scale may, if desired, be 
cut out and trimmed at such a radius as to fit the dial and then 
affixed to the condenser, with its zero point approximately in 
coincidence with the graduation which corresponds to maximum 
capacity. This usually puts it on the unused half of the dial 
opposite the capacity scale. If the figures are trimmed off they 
can be added over the lines in red ink. This scale will then give 
accurate results if the capacity varies linearly with the setting, 
a condition which holds closely enough in the ordinary conden- 
sers. This same scale may also be affixed to the dial of any 
variable inductor and used without error if the variation of 
inductance with setting is linear. Also on either condenser or 
inductor, the same scale is used either with moving pointer 
and stationary dial or with moving dial. 

À measurement of phase difference is made by first observing 
the current-square at resonance, then reading the scale at a set- 
ting on each side of resonance for which the current-square is 
one-half its value at resonance. The difference between the two 
readings on the scale is the value of ¥ in degrees. The value of 
power factor in per cent. may be obtained from the result if 
desired by multiplying by 1.75. 

A similar scale is readily made to read decrements directly. 
The readings of Figure 7 are all divided by 18.24, or the scale 
is independently calculated by equation (38). The scale shown 
in Figure 8 is thus obtained, which may be used on any con- 
denser with semi-circular plates. Since writing this paper, the 
author has been informed that a scale constructed on this prin- 
ciple was devised for use in a decremeter by Mr. Waterman 
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LocaTION OF SCALE FOR ACCURATE MEASUREMENTS 

The scale gives accurate results only when C,=8,=0. In 
many semi-circular plate condensers C, or В, has a small positive 
or negative value. This can always be reduced to zero by shift- 
ing the 8 scale. Thus for a particular position of the scale 
suppose 


C —aB'--C, (45) 
=a (B’+8,) 
Define a new f such that 
B = B' -- B, (46) 
This reduces (45) to C =a В, and it is accomplished by shifting 
the dial toward zero by the amount 8,. The value of В, is de- 
termined by two measurements of capacity. Suppose C, and C; 


are the values for В, and B,’. The constant a is the change of 
capacity per degree and is given by 


C—C: 
= —— 47 
t Bi — By чт) 
The angle В, is therefore given by 
С 
077 P = i (48) 


The scale of Figure 7 is accurately placed as follows. It is 
first placed on the dial by eye, and the capacity in the circuit 
accurately observed at the two points marked 5 and 36 on the 
scale. The amount by which the scale is to be shifted toward 
zero is then the angle in degrees, 


B = 100 С» 
| ° Cs— Css 
The capacity concerned is the total capacity in the circuit, which 
consists mainly of the capacity of condenser and of the induct- 
ance coil in parallel with it. Since the coils of a wavemeter 
do not all have the same capacity, it is desirable to mount the 
phase difference scale in such & way that its angular position 
can be varied a few degrees on the dial, to correspond to the 
different coils that are used. A fiducial mark can be placed on 
the scale for each coil. 


— 51.2 (49) 


MEASUREMENT OF SMALL PHASE DIFFERENCE OR DECREMENT 


These scales permit accurate measurement of fairly large 
phase differences or decrements, but offer no precision in the 
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measurement of very small values, particularly at the low- 
capacity end of the scale. They are thus of particular value 
in tests upon condensers or other apparatus having fairly large 
phase differences. The method can, however, be extended to 
the precise measurement of small values in several ways. One | 
method is to use a gear to open out the scale. "The scale can then 
be in the form of a spiral on the rapid-motion gear shaft, and be 
spaced by a factor equal to the gear ratio. This device does 
not have the simplicity of merely attaching a scale to the con- 
denser dial. Another method is to place a condenser of fixed 
capacity in parallel with the variable and use a different scale 
on the variable. This narrows the range of capacity variation, 
but for some kinds of work the method is very satisfactory, and 
any desired precision of measurement may be obtained. The 
scale suitable for the use in parallel with the variable of a fixed 
capacity equal to 10 times that at the middle of the scale of the 
variable, is obtained as follows. "The fixed capacity is C, in 
(40), and its value must be equal to 10 times that at the 90? 
point on the variable condenser (or 19.86 on the scale of Figure 
7). Expressing P in degrees, („=a В, =ах 900. Equation (41) 
becomes 


Е ME [logia (Ba +900) — logio (B 4- 900)] 


For the ¥ scale beginning at the upper end of the capacity scale 
and s expressed in minutes, this becomes 


| 
о 


$ 


1080 — logy (B +900) | 
or, 


i 8 ~ 

[одо (B +900) = 3.033424 — acai (50) 
The seale thus calculated is given in Figure 9. It may be used 
on any linear scale condenser, as in the previous cases, and per- 
mits measurements of phase difference to closer than one minute. 
A similar scale is obtained for decrement by dividing the scale 
readings by 1094., permitting the measurement of deerement 
to better than 0.001. These scales have the additional advan- 
tage of almost uniform spacing. 


FIGURE 9 


DECREMETER OR PHASEMETER WITH UNIFORM SCALE 

Just as it is possible to determine a ¥ or 0 scale to fit a con- 
denser having any sort of law of capacity variation, it 1s equally 
possible to design a condenser with capacity varying in such a 
way as to fit any specified ¥ or à scale. А uniform scale, i. e., 
one in which the graduations are equally spaced, is particularly 
convenient, and is the kind used in the Kolster decremeter. 
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A uniform scale of either Y or д requires in accordance with 
equation (44) that the condenser plates be so shaped that for 
any small variation of setting the ratio of the change in the 
capacity to the total capacity is constant. The condenser 
required to give this uniform scale has its moving plates so shaped 
that the logarithin of the capacity is proportional to the angle 
of rotation of the plates. | 

This decremeter is fully described in “Bulletin of the Bureau 
of Standards," 11, page 421, 1914, Scientific Paper Number 
235.* By the use of a separate shaft geared to the moving plates 
at a 6-to-1 ratio, the decrement scale is opened out so that very 
precise measurements may be made. This decremeter is used 
in the inspection. service of the Bureau of Navigation of the 
Department of Commerce and by radio engineers elsewhere. 
On account of the uniform scale of decrements its use is more 
convenient than the instruments with specially shaped scales, 
but, on the other hand, the adjustment of the instrument to 
read decrements accurately is more difficult as this requires 
the adjustment of a small auxiliary condenser in parallel with 
the variable condenser. It is, of course, a more costly instru- 
ment because of the specially shaped condenser plates. It can 
be made to read phase difference directly in degrees by replacing 
the decrement scale with another in which the readings are 
multiplied by 18.24. 


USE or DAMPED OSCILLATIONS 


When damped oscillations are used in à measurement of 
resistance or one of the related quantities, there are two distinct 
decrements concerned, that of the circuit and that of the emf. 
supplied to the circuit. To determine either of these, in general 
two measurements are required. In special cases, however, one 
measurement only is necessary. For example, when the decre- 
ment of the supplied. emf. is very small, the measurement of 
resistance of the circuit is made exactly the same as when the 
emf. is undamped and the equations are unchanged, in all the 
methods. Also, when impulse excitation is used for the re- 
sistance-variation method, the procedure is the same as with 
undamped emf.; the equations are different in this case, as shown 
in equation (16) above. In any of these cases, of course, the 
results of measurement can be expressed in terms of v, s, or à 
of the circuit as well as fe. 

When the emf. supplied to the circuit has a moderate de- 


*See also “Proc, Inst. Rapio Exans.," volume 3, number 1, page 29, 1915. 


crement, damped oscillations flow in the circuit. Calculation 
of the current is very difficult except when the decrement of 
both the emf. and the circuit are small. The definition of de- 
crement that has been given in terms of an energy ratio furnishes 
some interesting relations in this connection. Suppose the emf. 
is produced in the measuring circuit (Figure 5) by coupling to 
the source circuit so loosely that there is no reaction upon the 
source. If T’ =the root-mean-square current of small decrement 
in the source circuit and M is the mutual inductance between the 
two circuits, it may be shown that the r.m.s value of emf. in- 
duced in the measuring circuit at resonance Is 


E=oMI' 
and the maximum amplitude is 
E,=oM I,’ 
. I\9 N AY. 
From equation (9), (I)? —— (L'Y, 
4f 0 
therefore 
N 
Е?= —_F? 
4fa’ 


where д” is the decrement of the current in the source circuit 
and hence of the emf. induced in the measuring circuit. Using 
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R as a definition of power consumption, the average power 


dissipated is 


Et NE 
R 4foa'R 

Average energy dissipated per cycle = ELE 

4P o R 


Average energy associated with current at maxima —L7?, pro- 
vided the decrement is small, as before. Assuming now that 
decrements are additive, and applying the energy-ratio definition 
given just after equation (9) to the sum of 0’, the decrement 
of the applied emf. and 0, the decrement of the circuit, 


ЕЕЕ. i | МЕ? 
T° 9 APF RLE 
Г = NE? " 
8f? RLE (à +0) 
2 
2 ا‎ (51) 


16/10 à (0 +0) 
This is the correct relation between 7? and E? at resonance, 
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as obtained from the elaborate rigorous proofs. The short 
demonstration just given involves the assumption that decre- 
ments are additive, which seems reasonable since energies are 
additive. 


2EBISTANCE-VARIATION METHOD 


Measurements made with damped waves are most con- 
venienthy expressed in terms of decrements. Resistances and 
the other related quantities can then be calculated from the 
'alues of decrement. 

The equation for the resistance variation method is obtained 
from (51). Suppose the resistance of the circuit to be increased 
by an amount Је changing o to 0+0], and the original resonance 
current I to some other value Г; then 


TN NE? 

E S*L? a! (0+01) (2 +6441) 
Г? _ CEDA, (2 +6461) (52) 
1? (2+0) 


This is the equation for the resistance-variation method. of 
measurement, using damped waves. It applies only when the 
decrements are small, and when the coupling to the source is 
ко loose that the emf. is not affected by the current in the meas- 
uring circuit. 

It is possible to solve either for a” if o is known or vice versa. 
When the method is thus used to obtain 4’, the decrement of 
the applied. emf., the result of the measurement really gives 
the shape of the trains of waves which are acting on the circuit. 
Decrement measurement may thus accomplish something similar 
at radio frequencies to what is done at low frequencies by wave 
analysis, 


DETERMINATION OF DECREMENT OF WAVE 


a L f œ 
The solution for д is 


Pala (53) 


This may be simplified by choosing the resistance inserted such 
that =; then 
v A-I 


edo: (54) 
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Another convenient simplified procedure is to vary the in- 
serted resistance until the square of the current is reduced to 


2_. 7.2 
one-half its previous value, then I 73 1ı =1, and 
1 
M 20 0 › 00,+02—0? 7 д? 
д = 55 
0-0 — ( ) 


This equation expresses the method presented by L. Cohen in 
“PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS,” 2, 
page 237, 1914. 


DETERMINATION OF DECREMENT OF CIRCUIT 
When 0’ is the known quantity, the direct solution of (52) 
for д, the decrement of the e circuit, is 
1 
б=20— 2 Hon БМВ +462+4B д (56) 
D-—Ig? 
В = ——— 
I? 
This complicated form of solution is of very little use. Equation 
(52) is itself & more convenient expression than this explicit 
solution. The following formula has been found useful in cer- 
tain cases as discussed below. 


where 


_ Kl 
PEE EIS 67) 
where K= 1+2 (58) 


It is sometimes advantageous to express this in terms of resistance 
or the related quantities. Thus the solution for R of the circuit, 
where R, is the inserted resistance, is 


P—KI? (59) 


This is, of course, not an explicit solution for R, since K involves 
0 and, therefore, №, but gives a ready means for finding R or à 
when the sum of the two decrements (ó' +0) is known from some 
other measurement, such as the reactance-variation method 
described below. Thus a combination of the two methods gives 
both ð’ and д, or 0’ and R. 

An interesting special case occurs when 0 and 0, are both 
very small compared with 0’. К becomes unity and equation 
(59) reduces to 

I, 2 
В= ү; тз (60) 
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This happens to be the same as equation (16) above, the equation 
for the use of impulse excitation. The proof given here can 
not, however, be regarded as a deduction of equation for 
impulse excitation, as it has been by some writers; since equation 
(51) is involved, which assumes that ò and 8 are both small. 


REACTANCE-VARIATION METHOD 


The procedure when the supplied emf. is damped is the same 
as when undamped, two observations of current being taken, 
one at resonance and the other after varying the reactance. 
The equations for decrement are only slightly different from 
those applying to undamped current. 

Bjerknes’ classical proof shows that the sum of the decre- 
ments of the emf. and of the measuring circuit is given by the 
same expression as that which gives the decrement of the meas- 
uring circuit when the emf. is undamped. Thus (28) becomes 
(61) below, and the equations for decrement corresponding to 
(21) to (25) become 


а-а VES pop (62) 
tance Ww) | RE (63) 
ق‎ pian EU 26 Ais (64) 

ò += KEN 9 1; m" 


These formulas are correct only when: (1) the coupling between 
the source of emf. and measuring circuit 1s so loose that the 
latter does not appreciably affect the former; (2) 0’ and 0 аге 


C) and 


the corresponding ratios are small compared with unity. From 
any of these 0’ is obtained if 0 is known and vice versa. If a 
separate measurement. is made by the method of equation (57) 
above, both decrements are obtained. 

The appearance of the sum (040) in the equations does not 
mean that the current flowing in the measuring cireuit actually 
has a decrement equal to (04-0). As a matter of fact the 
actual deerement of the current is a value nearly equal to which- 


both small compared with 2 z, and (3) the ratio m 


ever of the two, ð or 0, is the smaller. For this reason the 
equations involving (0 +83) can not be extended to the meas- 
urement of the sum of the decrements of two loosely coupled 
circuits by coupling to one of them a third measuring circuit, 
as has sometimes been tried. 

As mentioned earlier, the reactance-variation method is 
simplified if the reactance is varied by such an amount as to 
make Г? = } 1,2. This is done very easily when the current 
measuring instrument is graduated in terms of current squared. 
The quantity under the square root sign in all the preceding 
equations becomes unity, greatly simplifying the formulas. 
. Calculation may be entirely eliminated by use of direct-reading 
decremeters as previously described. Such instruments when 
thus used with damped waves give directly (0' +0). 


SUMMARY: The methods of measuring resistance and related quantities at 
radio frequencies are fewer in number and necessarily different from those at 
low frequencies. The conditions of such measurements and the relations of 
various methods have not previously been given in comprehensive fashion. 
This paper shows the relations between resistance, phase difference, sharp- 
ness of resonance, and decrement. The methods of measurement are de- 
rived and classified. Most of the valuable methods are comprised under the 
resistance-variation and reactance-variation methods. Special direct-reading 
methods of measuring phase difference and decrement are presented.* 


* Extra copies of the special scales of figures 7, 8, 9 can be obtained from 
The Institute of Radio Engineers by addressing the Editor, The College of 
the City of New York. 


SYMBOLS USED IN THIS PAPER 


C=capacity of condenser in measuring circuit. 
C’=capacity of condenser in source circuit. 
d = deflection of current measuring instrument. 
d; — deflection when known resistance is inserted in circuit. 
Е = effective electromotive force. 
Е, = maximum electromotive force. 
f=frequency of alternation. 
I =effective current. 
1, = maximum current. 
І, = current at resonance. 
ı= current when either resistance or reactance of circuit is 
increased. 
L = self-inductance of circuit. 
M = mutual inductance. 
N = number of trains of oscillations per second. 
P = average power. 
r=subscript used to denote resonance. 
R=resistance of circuit. 
R, = known resistance inserted in circuit. 
R,=resistance of apparatus under measurement. 
s —scale setting. 
S = sharpness of resonance 
X = reactance. 
X; = change of reactance. 
W = average energy. 
а= damping factor. 
6=logarithmic decrement of circuit. 
оу = increase in decrement caused by adding resistance. 
û” = decrement of applied emf. 
e = base of napierian logarithms = 2.71828. 
0 = phase angle of C or of L, considering the resistance to be 
associated with it. 
д = wave length. 
У = phase difference of C or L, considering the resistance to 
be associated with 1t. 
w=2 zX frequency. 


NOTE ON LOSSES IN SHEET IRON AT RADIO 
FREQUENCIES* 


By 
Marius LATOUR 


(PARIS, FRANCE) 


I. The study of Foucault currents in iron sheets at high 
frequency was made first by Oliver Heaviside, and later by 
J. J. Thomson.! 

Recently, Mr. Bethenod? has considered the complication 
caused by the phenomenon of hysteresis, and has introduced 
that phenomenon in his calculations by utilizing the method 
of procedure first employed by Ferraris (1888), according to 
which hysteresis is supposed to cause a constant lag т of phase- 
angle between the magnetic induction B and the magnetizing 
field H. In seeking to determine the final phase-lag between 
the emf. and the current in a coil having a closed magnetic cir- 
cuit, when the frequency is increased indefinitely, Mr. Bethenod 
has shown that this limiting phase-lag, instead of being equal 


to a as indicated by the formulas of J. J. Thomson, is dim- 


= 
inished by ап angle equal to 2 by the effect of hysteresis. In 


reality, Mr. Bethenod's conclusion, according to which the 
limiting angle of phase-lag, between the emf. and the current, 


F 
is diminished thru hysteresis by an angle equal to А does not 


seem to be related to any particular interpretation of the phenom- 
enon of hysteresis. It is natural, in fact, that the losses due 
to hysteresis, as with the losses due to Foucault currents, should 
tend to increase the “watt” current absorbed, and, consequently, 
should tend to bring the current more nearly in phase with the 
emf. 

Before proceeding to any calculation, it is easy to under- 

* Received by the Editor, October 15, 1918. (This paper was also de- 
livered before the Societé Internationale des Electriciens.) 


1 “The Electrician," volume 28, 1892, page 599. 
2“La Lumière Electrique,’’ July 22, 1916, volume 34, 2nd Series, page 73. 
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stand how hysteresis influences Foucault currents, and to under- 
stand how Foucault currents may influence hysteresis losses. 
If we assume that hysteresis introduces a phase-lag between 
magnetic induction and ampere-turns, we can understand at 
once that the introduction of Foucault currents into the equa- 
tions is thereby affected. On the other hand, the presence of 
Foucault currents causes the magnetic induction in iron sheets 
to vary from the center to the external surface; and since the 
losses due to hysteresis increase according to a power of the 
magnetic induction which is higher than the first power, the 
losses will be higher than if the magnetic induction in the sheet 
were assumed to remain uniform. The hysteresis losses, there- 
fore, depend on the influence of Foucault currents on the dis- 
tribution of magnetic induction. 

It will be principally necessary to take into consideration 
this distribution of magnetic induction in the sheet in order 
to calculate the losses due to hysteresis. In particular, if we 
assume these losses to be proportional to the square of the 
magnetic induction, which is all the more likely because, at 
high frequency, the magnetic induction is always low, it will be 
necessary to know, somehow, the effective spatial distribution 
of the magnetic induction in the sheet. | 

The purpose of the author is to revise the methods of dealing 
mathematically with Foucault currents, and to study the in- 
fluence of hysteresis on losses due to Foucault currents, as well 
as to study the losses due to hysteresis itself. His purpose also 
is to obtain formulas which are useful for the study of radio 
frequency apparatus. 


П. To establish the equations for Foucault currents, the 
author will not introduce directly the general equations of Max- 
well, as is usually done; these equations can be established by 
equivalent considerations which are much more familiar to 
engineers. 

Let us consider (Figure 1) a sheet of thickness 2a. Let us 
take as origin the median plane X X, parallel to the two faces 
of the shect, S and S'. On account of symmetry, the Foucault 
currents which go thru the sheet will give rise to currents of 
equal densities, and of opposite polarities at symmetrical points 
x and z', situated at equal distances, Ox and Oz’, from the origin 
O. The Foucault currents which tend to form a shield against 
the magnetie flux which is passing thru the sheet, in a direction 
parallel to the faces S and S’, follow the directions indicated 
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by arrows in the plane of the figure. It should be noted, more- 
over, that the ampere-turns acting to produce a magnetic field 
at the point т, are those due to currents circulating in the region 
at the right of Ox and at the left of Oz’. The currents circulating 


FIGURE 1 


within the space bounded by the planes parallel to XX, which 
pass thru х and z’, produce, in fact, no field external to that 
space. Let us designate by 0 the current-density in the sheet 
at the point z. The decrease in ampere-turns per centimeter, 
which results in passing from a thickness dz toward the external 
surface S of the sheet, is д dz. The magnetic induction B at 
the point x will be decreased by a corresponding amount d B. 
such that 


dB=—-Azpddz 
whence 


oe = Anne (1) 


In reality, the current density д and the magnetic induction 
B, being both harmonic functions of time, can be expressed as 
follows: 
д = д, sin со Ё— д» cos 0 Її 
В = B, sin wot — В, cos wt 


in which equations any origin can be taken arbitrarily for time 
values (f). Under those conditions equation (1) corresponds 
to the two following equations: 


d B, z 
da EO 
(2) 
d B, ` 
—— = —4 rp d» 
dx 


If we assume that hysteresis introduces an angle of phase- 
lag, т, between magnetic induction and ampere-turns, we can 
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say that everything happens, as far as the ampere-turns are con- 
cerned, as if the current density, б, corresponded to a fictitious 
density, д, having a phase-lag, r, such that 


6’ = 0, sin( wt—T) — б» cos (wt—7) 
= (д, cos T — 0, sin T) sin wol— (de cos TÒ, sin т) cos wt 


Equations (2) then become 


d B, = — 4 и (0 cos T — û» sin T) 
ах / 
p (2^) 
P = —4 хи (0s cos T 4-0, sin T) 


The choice between equations (2) and (2’) will then depend 
on whether the phenomenon of hysteresis is to be taken into 
consideration or not, in the equations for Foucault eurrents. 

We now proceed to establish a second equation by a simple 
consideration which follows. 

The emf. induced per centimeter in the direction X X between 
the two planes which pass thru the abscissa points х and z+dz is 


-£ Bdz- — w (В, cos wt +B» sin wt) dz 


This emf. must be exactly balanced by the difference between 
the ohmic drop per centimeter in the plane passing thru х and 
the ohmic drop per centimeter in the plane passing thru z+dz. 
This difference is equal to 040, where o designates the resistivity 
of the sheet. We therefore have 


— w (В, cos wt + Bssin wt) d z2odà 


d 01 А d 02 
-C. sinoi- eos ot) dz (3) 
From this we obtain the two following equations: 

w В, =? d à: 

d 

Pon (4) 

w В, = — () d à 

(dz 


From equations (2’) and (4) we obtain the two following 
equations of the second order: 


d? 0 4r OS ا‎ 
= (dà cos T+ д, sin T) 


da? 0 
d? 02 4лро " 
ul ت‎ (ài COST — д» sin T) 


3 
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Taking 
4 л № o = 


2m, A/1-rsinT-a, /1—sint=B 


we obtain, by integration, the following: 
maz — mar 
cosm B x= —A sinh mazcosm Вх 


(6) 


ах 
sinmBx=AcoshmaxsinmB x 


in which A is a constant of integration.’ 
From these and from equation (4), the values of B, and B, 
are obtained: 


B, = aim (a sinh maz sin m Bz + B cosh тах cos mBz) 
Ф 


AQm (7) 


с) 


В, = — 


(B sinh maz sin mB x — a cosh тах соз mB т) 


From the above solution (6) we obtain the maximum current 
density value maz at the point z: 


PRENNE A : m 
дла = V 6° +02 = Vg V cosh 2mazi+ cos 2mBx (8) 


From solution (7) we obtain the maximum value of magnetic 
induction B,,,, at the point z: 


A о —$—$—$— — —$ 
В=^——— V cosh 2maz + cos 2mB z (9) 


We can now determine the constant A by starting either 
from the apparent, or the mean magnetic induction in the sheet, 
or from the external ampere-turns per centimeter (J) which 
act on the sheet. 

When starting from the apparent magnetic induction B,,, 
it is to be noted that the emf. per centimeter, which must equal 
the ohmic drop due to Foucault currents along the external 
surface of the sheet, is w Bappa. We therefore have: 


о A 
о B „a= — (cosh2maa- cos 2 ma)! 
pp ES ) 


Whence: 


2waB | 

-—— у! app _ (10) 
0 (cosh 2 таа — cos 2 т Ва)* 

3The general integral would require a second constant, but it is found 


that this constant must be equal to zero in order that the condition of sym- 
metry implying д, = 0; =0 should be satisfied for z =0. 
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When starting from the external ampere-turns, J, per centi- 
meter, it must be noted that the magnetic induction at the sur- 
face of the sheet must be equal to4zu“J. We therefore have: 


0 
us = 


(cosh 2maa+ cos 2 m Ba)! 


(U 


Whence: 


E o and _____ (11) 
o m (cosh2 таа +-соѕ 2 m Ba)! 


APPARENT PEnMEABILITY.— Iquating (10) and (11) we have: 
V2 a Bap 4 я p J 


(cosh 2maa—cos2mBa) ^m (cosh 2 таа +cos 2 т Ва) 
From this we obtain immediately an expression for the 
apparent permeability: 


m — (cosh2maa— cos2 ma)! Р 
V2 m a (cosh 2 таа + cos 2mB a)! (12) 


This expression for the apparent permeability becomes 
identical with that given by J. J. Thomson when we assume 
т —0, that is to say а= 8-1. 

It is necessary to know the expression for the apparent per- 
meability, in order to determine the given or apparent magnetic 
induction, as & function of the available ampere-turns, in any 
given radio frequency apparatus. 


Mapp — 


III. We now proceed to determine the Foucault current 
and hysteresis losses as a function of the mean or apparent 
magnetic induction. 


FOUCAULT CURRENT LossEs.—In order to determine the 
Foucault current losses, it is necessary to determine in some 
manner the effective value in space of the current density Omar, 
that is to say, the value of: 


1 RE 
2 Omar d X 
o 
We have 


9 a 
(Omara = 1l (cosh 2 тах – соз2 тВх) dx 


. A? (sinh2mua | sin2mfa 
ima a p 
Bearing in mind that the effective current density, as a func- 
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tion of the time, is V2 times lower than the maximum density, 
the Foucault current losses per cubic centimeter will be: 

А? о (= 2таа sin amga 

VS [secu e E 
8ma a p 
If we replace the constant A by its value obtained from (10), 
we have, | 
sinh2maa зіп 2mBa | 

wa a B (13) 
4 т 0 созһ2 таа —соз2тВа ^ 


Wr= 


The effect of hysteresis on Foucault current losses is readily 
seen. Leaving out hysteresis, the expression of these losses 
takes the simple form: 


2 RS 
_ «a a sinh 2m a — sin2ma (13^) 


Е e 
4m? cosh 2 ma — cos 2m a Р 


Hysteresis LossEes.— To determine the hysteresis losses, 
we must bear in mind that the assumption of a constant phase- 
lag т of the magnetic induction B behind the magnetizing field 
H supposes the hysteresis losses to be proportional to the square 
of the maximum induction. It is therefore necessary to deter- 
mine in some way the effective value of Ba, in space. 

We have: 


(ВУ a 


ын (cosh 2 maz--cos 2 mBx) dx 


FS 0° m? (2 таа sine) 
=o ( зтлетав 
2 а?а а В 


We also know that the same hypothesis of constant phase- 
angle between the magnetic induction B and the magnetizing 
field Н implies that, in the formula 


W = Broz 


which gives the hysteresis losses per cycle, the value of the 


coefficient 7 is equal to a Under those conditions, the 


hysteresis losses per cubic centimeter are equal to: 
sint w A?0? m (snam maa , sin2 mga 
4р 2л 2wa а В 
_ Sint А? / ѕіпћ2 таа, sin2m Ba 

8 ma a B 
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Wy- 


If we replace the constant A by its value from (10), we have: 


sinh2maa , sin2mBa 
во" asint a B 2 (14) 


- 04 арр 


4то | cosh 2 таа — cos 2m Ba 


Ин= 


Ratio ОЕ Losses.—The ratio of hysteresis losses to Foucault 
current losses can be readily determined. We find: 


sinh 2maa , sin 2mBa 


Wy a p 


—— = wq Sin T 15 
Wr  sih2maa sin2mBa (15) 
a В 


This ratio tends toward versin т in proportion as the fre- 
quency increases. 


Tomar LossEs.— The expression for the total losses takes 
the form: 


WetWy= wa asinh 2maa— —BsinamBa m (16) 


4то cosh 2 таа —cos 2 т Ва 


If the calculation were not complicated by introducing the 
phase-angle т, and by seeking to determine the hysteresis losses 
according to the formula for losses per cycle (10), equation (14) 
could be simplified by replacing sin 7 by its value 47, and by 
making т =0, that is to say, by assuming а = 8 = 1 everywhere 
else in the equation; which would give the following value for Wy, 


иу e? a sinh2ma--sin2ma ; 
app’ (14^) 
от cosh 2m a—cos 2m a 


W u= 


Taking into consideration the uncertainty which exists in 
regard to the exact value of hysteresis losses per cycle, and 
owing to the circumstances that all authors differ as to the value 
which should be given to the exponent of B, to which the losses 
are proportional, the simplified expression for Wy, given in 
equation (14^), may often be utilized. 

Under those conditions, the total losses derived from (137), 
and (14’), will be as follows: 


Р rw e dod sinh 2m a p, , 
perte ~ Amocosh2ma—cos2ma "^" (16) 


Minimum LossEs.—]It is possible to determine the losses 
per cubic centimeter in a total volume containing the iron sheets 
and the insulation between them. 

Let є be the thickness of the insulation between the sheets, 
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апа B,,, the mean magnetic induction in the total section com- 
posed of the sheets and of the insulation between them. The 
apparent induction in the sheet itself will be: 


2a-e 


2 a m 


On the other hand, the space occupied by the iron will be 


reduced in the proportion 529... Finally, the losses рег cubic 
Е 


centimeter of total space will be, from (16), as follows: 


w (2a +e) a sinh 2 таа — f sin 2 тВа pr 


wey a 8m? cosh2maa—cos2mBa a» (17) 


The thickness of sheets 2 a,,, which will give the minimum 
of loss in a given volume for a given magnetic induction B,;,, 
will be that which will always give the minimum value to the 
preceding expression. This minimum value is obtained by 
taking the derivative of that expression with respect to "a." In 
other words, it will be that thickness which represents the solu- 
tion of the auis transcendental equation: 


— cosh 2 таа cos 2 m Ва | 
eee — ¬ kasinh 23 mua 


cos h 2maa—cos2mBa 
—Bsin2mBa=0 (18) 


As a numerical illustration, let us take: 


2m (22+: Js 


p. = 2000 

0 =4 (10) 

w =2 пх 30,000 
e = 0.0083 


From this we have: 


ma P559 - 2435 


We then find for 2a,,, the following values: 


With smr—0.2 2a,,,=0.027 mm. (0.001 inch) 
With sinT-0.3  2a,,20.0315 mm. (0.0012 inch) 
With sinz—0.5 2a,,,=0.0375 mm. (0.0014 inch) 


PHAsE-ÀNGLE BETWEEN ЕМЕ. AND CURRENT IN AN INDUC- 
TANCE HaviNa A CLOSED MAGNETIC CIRCUIT 
The losses have been evaluated directly without seeking 
to determine, as is usually done, the phase-angle ¢ between 
the emf. and the current. When the losses are known this 
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phase-angle can be determined quite easily by an inverse process. 

The maximum emf. "V," induced per turn per square cen- 
timeter will be wB,,,, and the power consumed per cubic cen- 
timeter will, therefore, be: 


VJ о B J 


> 608 sp= 59^ cosh 


On the other hand, we know this power from equation (16) 
and we also know the value of B,,,, as a function of J, from that 
of the apparent permeability. Equating these two expressions 
for losses, the value of cos ф may be readily obtained. We will 
have: 

.l asinh2maa—Bsin2mBa 
V2 (cosh? 2 maa — cos? 2 m B a! 


cos — 


a 
When m tends toward infinity cos 9 tends toward V2’ or 


UE T ; that is to say, ф tends toward the angle ot T 


Mr. Bethenod has shown. We have in fact: 


PHASE-ANGLE BETWEEN EMF. AND CURRENT IN A COIL WITH 
OPEN MAGNETIC CIRCUIT 


In a coil having an open magnetic circuit, which includes 
an air-gap that multiplies the apparent reluctance of the mag- 
netic circuit by k, the magnetic induction for the same ampere- 
turns, J, will be divided by k. Consequently, the losses are 
divided by k?, while the emf. induced at the terminals is divided 
by k. Under those conditions it will be found that the phase- 
angle $’ becomes such that: 


cos ф 


cos $' xis 


in which cos $ retains the value indicated in the preceding 
paragraph. 

In proportion as the air-gap is increased, the emf. and the 
current tend more and more to assume the quarter-phase rela- 
tion. As a rule, it is tan $’ which should be given as high a 
value as possible. 

The author will return later to the important question of the 
construction of inductance coils with low losses (with or without 
iron) for a given frequency. 
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SUMMARY: In this article there is determined the power dissipated separ- 
ately by Foucault currents and by hysteresis, in a sheet of iron, on the as- 
sumption that there exists a constant angle of lag between the magnetic 
induction in the sheet and the magnetizing field producing it. There is de- 
duced the thickness which should be given to the iron sheets of apparatus 
supplied with radio frequency current, in order that the total power expended 
shall be a minimum. А calculation is made of the angle of lag between the 
voltage and the current in the circuit of an inductance coil. 


THE NATURAL FREQUENCY OF AN ELECTRIC CIR- 
CUIT HAVING AN IRON MAGNETIC CIRCUIT* 


By 
Н. С. CORDES 


(RESEARCH ENGINEER, BREMERTON, WASHINGTON) 


The natural frequency of a circuit depends upon inductance 
and capacitance and is modified by resistance and conductance 
in the circuit. When the inductance consists of a coil which has 
an iron magnetic circuit, the effective value of the inductance 
of the coil becomes a variable. The change in the value of the 
inductance is attributed to eddy currents induced in the iron. 
The eddy currents vary with the conductivity and permeability 
of the iron and the thickness of the laminations. 

Other factors remaining constant, the frequency of an 
oscillatory circuit depends upon the value of the inductance and 
the effective inductance depends upon the frequency of the 
oscillating current in the circuit. The problem to be solved 
consists in finding an expression showing a relation between these 
two interdependent quantities. 

The application of such an expression is illustrated by the 
following figure. 


FIGURE 1 


Magnetic flux is induced in the iron magnetic circuit M when 
current flows thru the coil L. Let B represent a battery, C a 
condenser and S а switch. When S is closed current passes thru 

* Received by the Editor, April 16, 1918. 
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B, L, and S. Let r=the resistance of the circuit, and assume 
the potential of C to be zero. 

Open the switch S quickly so that no sparking takes place. 
In order to determine the rate at which the potential rises in 
C and the maximum potential to which C will become charged, 
it is necessary to know the inductance of L, the capacitance 
of C, the resistance r and the initial current 7 flowing in the 
circuit. 

Consider the potential of B and the potential drop J r to be 
negligible compared with the emf. of self-induction. The elec- 
tromagnetic energy initially stored in the coil is 16 L, I?, where 
I is the initial current and Гл is the inductance (coefficient of 
self-induction) of the coil at a low rate of change of the current. 
The value of L, decreases to an effective value Lm, as the aver- 
age rate of change of current is increased due to an increase of 
eddy currents induced in the iron. Part of the initial electro- 
magnetic energy is transformed into electrostatic energy, and 
the remainder is dissipated in the form of heat by eddy currents. 
The effective inductance of the coil is directly proportional 
to the total flux induced by the current thru the coil. 

A method developed by Dr. C. P. Steinmetz for determining 
the ratio of the magnetic flux density due to a continuous cur- 
rent, to the effective magnetic flux density at a given frequency 
of alternating magnetic flux, is as follows: 

Figure 2 shows the section of three laminations the thickness 
of which =21, and length =S. The thickness 21, is negligible 
compared to the length S. Current flows thru the conductor Z 
and in the direction of the arrow at the instant considered. The 
dotted lines show the path along which magnetic flux is induced 


FIGURE 2 
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by the current. The flux induced in the iron is large compared 
with that induced in the air between the surface of the lamina- 
tion and the surface of the conductor. The latter will be neg- 
lected and the total flux induced will be considered to generate 
an emf. in the iron at the surface of the lamination. 

To obtain an expression for the flux density which is induced 
by the resultant magnetomotive force of the current in the con- 
ductor and the eddy current in the iron the instantaneous direc- 
tion of which is shown by arrows, the following is quoted from 
Steinmetz’s “Transient Electric Phenomena and Oscillations,” 
Chapter VI (first edition): 

“Let =the magnetic permeability, A=the electric con- 
ductivity, = һе distance of a layer dl from the center line 
of the lamination, and 21, = the total thickness of the lamination. 
If then I= the current density in the layer d! and Е =the emf. 
per unit length generated in the zone dl by the alternating 
magnetic flux, we have 


I-iE (1) 


The magnetic flux density В, at the surface Г =, of the lamin- 
ation corresponds to the impressed or external mmf. The den- 
sity B in the zone dl corresponds to the impressed mmf. plus 
the sum of all the mmf.’s in the zones outside of dl or from 


l to lo. 
The current in the zone dl is 
Idl=ìEdl (2) 
and produces the mmf. 
H —0.4 z AEdI (3) 
which in turn would produce the magnetic flux density 
dB -0.4zàApEdl (4) 


that is, the magnetic flux density B at the two sides of the zone 
di differs by the magnetic flux density dB (equation (4) 
produced by the mmf. in zone d l, and this gives the differential 
equation between B, E and l, 


dB 

dl 

The emf. generated at distance l from the center of the 

lamination is due to the magnetic flux in the space from lto 

l,. Thus the emfs. at the two sides of the zone dl differ from 

each other by the emf. generated by the magnetic flux Bdl 
in this zone. 


—04zAipRE (5) 
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Considering now B, E and I as complex quantities, the emf. 
dE, that is, the difference between the emf.’s at the two sides 
of the zone dl, is in quadrature ahead of B dl, and thus denoted 
by 

dE- —j2zfB10 ?dl (6) 
where f is the frequency of the alternating magnetism. 

This gives the second differential equation, 

dE __ 19. fB10-* (7) 
di i 

The reader is referred to the text quoted for the steps by 
which the expression for the average flux density in the iron 
is obtained. It is briefly as follows: 

From (5) and (6) 

b (1-j)el j —(1—j)cl 
. 2 el Dele emil- le 
where 


с= V0.4 zi f àp 10-5 (9) 

The average value of the flux density in the iron is 

le 
B= ` if Ва! (10) 
Equation (8) in (10) gives 

B, 170e camen 
Bee lei! eruta e 
The absolute value of B, is the square root of the sum of 


the squares of the real and imaginary terms in equation (11), 
which, substituting hyperbolic and circular functions, is 


Bi cosh 2 clo —cos2cl 
RTL o- ° 12 
"сім 2 N cosh 2с1,+соѕ 2 clo ( ) 


The inductance of a conductor or coil is directly propor- 
tional to the total magnetic flux induced by the current in the 
conductor or coil, therefore 


Ln Bm 
Ds (13) 

The inductance L, is due to the flux induced in the iron by 
the mmf. of the current in the conductor or coil, while the 
inductance L, is due to the flux induced in the iron by the re- 
sultant mmf.’s of the current in the conductor or coil and 
the eddy currents in the iron. 
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When the conductor Z is placed at an appreciable distance 
from the iron or the distance between the laminations is not 
negligible compared to the thickness of the laminations, then 
an inductance L,, which is due to the flux induced in these 
spaces, must be added to L,, to get an expression for the total 
inductance of a conductor or coil at very high frequencies. 
The value of L, will be a fractional part of the inductance of the 
conductor or coil in air, and its value may be calculated when 
these distances are known. 

The natural frequency of a circuit is 


1 1 r g \? 
= ړل‎ |) — 4 
J aN С (5 (Ls +L.) re, ay) 
where r is the resistance of the oscillatory circuit and g is the 
conductance of the condenser dielectric. The quantities L, and g 
will be considered negligible so that (14) becomes | 


TR M» E R 
7= э-ү L£ (15) 
Solve (15) for Lm, 
_ 1 WEIS 2a0) 
n= gaol 2 ‚д 
From (12) and (13) 


_ L, (cosh2cl,—cos2c e) 
L,- и (09301 -Fcos 2cl, (17) 
where a= V0.8 л? 2р 10-8=0.000281 ур 2 (18) 
For brevity, let gq=2zfrC (19) 
a/ 3 
„Же (cea) (20) 


cosh 2 cl; — cos 2c lo 
From (16) and (17) 


j 
7 (e cl,4- cos 2 E (21) 


Si Li 
4zf'C alf | )22( 
from which 
f= ( ats ): 8 (23) 
421,C 


The factors v and s are both functions of the frequency 
but do not vary appreciably from unity, except when the fre- 
quency is low or the resistance is high. 
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For comparatively high frequencies and low resistances, 
equation (23) becomes 


al, i 
.-(, -Lc) (21) 


The values of v given in Table I were calculated from assigned 
values of 2 cl, in equation (21) 
From (9) and (18). 
2cl, =al, VN 2f (25) 
When 2 cl, is greater than 1.4, the value of f in (25) should be 


determined by equation (24) but when 2 cl, is less than 1.4, the 
value of f to be substituted in (25) is more accurately determined 


by 
1 1 re 
—-—.————-.-- 26 
h73:NLC AL? (26) 
where r can generally be considered negligible. 
From (23) and (26), (assuming r=0 and therefore s- 1), 


Л _ | v2 
f En z (27) 

Substituting in (27) the values of 1.4 and 1.054 of Table I 
for 2 cl, and v respectively shows that f, cannot be less than 0.966 f 
when 2cl, is equal to or less than 1.4. Table I shows that f, 
(equation (24)) cannot differ from f (equation (23)) more than 
8.5 per cent when 2 cl, is greater than 1.4 and this occurs when 
2cl,=2.4. It is interesting to note that v varies most from unity 
when tanh 2cl,--tan 2cl, 20 which occurs in the table when 
2 cl, — 0, 2.4 and 5.5. 

The resistance of an oscillatory circuit does not appreciably 
affect its natural frequency unless the resistance is large. The 
value of s approaches unity as the value of q approaches zero. 
Equation (19) shows that q =0 when r = 0 and also that д = 0 when 
r is so large that the cireuit becomes non-oscillatory since then 
f=0. There must therefore be a value of r for which q is a 
maximum. 

From (15) and (18) 


[c fr CÑ 
е ea 2 
TUNI. (s E) (28) 
which gives à maximum value of q when | 
s 
21» (29) 


NC 
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which may be compared with the resistance r—-4|——, which 


renders the circuit non-oscillatory. 
Substituting (29) in (28) shows that 
The value of q depends upon the product r f, and f decreases 
as r increases, therefore q and s do not vary greatly with changes 
in the value of r. Table II gives values for q and the corres- 
ponding values of s as computed by means of equation (20). 
The determination of q is made in a manner similar to 2 cl, 
The value of f to be substituted in (19) is computed from either 
(24) or (26). When both v and s have been determined, the 
natural frequency of the circuit can be evaluated by means of 
equation (23). If vs differs much from unity, then the value of 
f in (23) сап be used to determine new values of 2 cl; and q from 
which v and s will give a more accurate solution for f in (23). 
The value of L, in (23) and (24) can be calculated from the 
equation 
L-47 LAN (31) 
for a coil having a magnetic circuit the mean length of which 2 d, 
cross-sectional area of iron core — А, and a total of N turns of 
wire forming a layer over a large part of the length d. 
To illustrate the practical application of equation (23) 
an example will be given. 
Assume d=50 cm., 1,20.03 cm., 4-1.2x10*, р= 2000, 
А —100 sq. cm., N=20, and C 20.1 microfarad. 
Then from (28) 
4 = х 2000 x 100 x 400 
L, = a a, ا ي و‎ 
50 
Substitute in (18) 


a l, — 0.000281 x:0.03 x 4//2000 x 1.2 x 10'= 0.0413 


From these values in (24) 


0.0413 A 
(lS = 8,793 cycles. 


To find the value of v substitute in (25), which gives 
2 cl, =0.0413+/2 8793 = 5.477 
Referring to Table I, v=1.0038 when 2 cl,=5.477. This 
correction factor adds 33 cycles to f, or 
f=f,v=8,826 cycles. 
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= 6.4=> 10° cm. 


The natural frequency of the circuit, if Lı is substituted for 

L,, (equation (26)), is 
Л = 3,550 cycles, 

ог the presence of eddy currents in the iron increases the natural 
frequency by the factor 2.5. 

The circuit was considered to have negligible resistance. 
A resistance of 45 ohms is required to decrease the frequency one 
per cent. It is interesting to determine the resistance which will 
give the maximum value of q. 

Substitute f, з for f in (25) which is equivalent to multiplying 
the former value of : 


2cl,by Vs, or 2cl,=5.477 № 0.63 =4.35 or v = 0.9938, therefore 
f =8793 x 0.63 X 0.9938 = 5,505 cycles. 


In (19), put q=1 and f = 5,505, and solve for r; then r = 289 ohms. 

It will be noted that the quantity L,, may be defined by 
equations (16) and (17), or by the equation, 

dLa PCE C (32) 
in which, referring to Figure 1, 7 is the initial current, E is the 
potential to which the capacitance C becomes charged, the 
resistance of the circuit is considered negligible, and the potential 
of the battery is considered negligible compared to the potential 
E. If the value of L,, is considered the same in both instances, 
then the potential E can be calculated. A consequence of this 
assumption is that the eddy current loss, W, during the first 
quarter oscillation is | 

WF =} I (Li—Ln) (33) 
where 3L, I? is the electromagnetic energy stored in the coil 
when the switch S is opened. The voltage E may be assumed to 
rise sinusoidally, from which the speed required in opening the 
switch S without a spark can be estimated. 

The effective inductance in the direct current circuit of a 
Poulsen arc generator depends upon the natural frequency of the 
magnet coils and generator in series with the antenna capacitance, 
which form an oscillatory circuit during the interval of each 
cycle of the radio frequency current that the arc is extinguished. 
A large loss occurs in the iron due to radio frequency eddy 
currents. 

Increase of permeance due to the presence of iron is accom- 
panied by an increase of conductance. This inherent property 
of iron will not allow its use in the magnetic circuit of a radio 
frequency oscillatory electric circuit where efficiency is an es- 
sential requirement. 
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SUMMARY: In radio or high audio frequency circuits containing iron- 
core inductances, the eddy currents induced in the iron cause a marked 
change of effective inductance which is dependent on the frequency. 

Following the Steinmetz procedure, the author finds the magnetic flux 
density in a laminated iron core with alternating current excitation. He then 
derives expressions and tables for determining the natural frequency of cir- 
cuits containing iron-core inductances. The results obtained are numeri- 
cally illustrated. 
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DISCUSSIONS 
on 


‘THE ELECTRICAL OPERATION AND MECHANICAL 
DESIGN OF AN IMPULSE EXCITATION MULTI-SPARK 
GROUP RADIO TRANSMITTER’ BY BOWDEN 
WASHINGTON 


FIRST DISCUSSION * 


By | 
LIEUTENANT ELLERY W. STONE, U.S.N.R.F. 


(Districr COMMUNICATION SUPERINTENDENT, NAVAL COMMUNICATION 
SERVICE, SAN DIEGO, CALIFORNIA) 


Mr. Washington’s paper is an excellent contribution to a 
subject which has been of considerable interest to me for the last 
four years. However, I cannot subscribe to his statement in the 
first paragraph of his article that impact excitation has not “been 
put into thoroly practical operation before." To do so is to 
ignore the published accounts of various other types of prior 
impulse excitation transmitters. 

In particular, I have reference to the impulse excitation trans- 
mitter of the C. Lorenz Company of Berlin, described in volume 1, 
number 4, of the PROCEEDINGS of this Institute, the impulse 
excitation transmitter described by me in volume 4, number 3 
and volume 5, number 2, of the PRocEEDINGS, and the impulse 
transmitters of the Kilbourne & Clark Manufacturing Company 
which have been described in United States letters patent owned 
by that company and in other technical publications. 

The extensive use and thoroly practical features of the ‘‘Mul- 
titone" (Lorenz) system are too well known to require further 
discussion here. 

In connection with the impulse excitation transmitter de- 
signed by me, I may state that following the publication of my 
gap and gap circuit designs in the two papers noted above, with 
a view toward allowing any interested party to use them gratis, 
this system of transmitter was adopted by the Haller Cunningham 

* Received by the Editor, December 30, 1918. 


1 Published in the PROCEEDINGS or THE INSTITUTE OF RADIO ENGINEERS, 
volume 6, number 6. 
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Electric Company of San Francisco. Certain mechanical im- 
provements in the original design have been made by them from 
time to time. The practical adoption which has been accorded 
this type of transmitter is evidenced by that company’s adver- 
tisements, appearing monthly in the PROCEEDINGS. 

The Kilbourne & Clark Company, who were pioneers in this 
work, have on the market two types of impulse transmitters, 
known respectively as the “Simpson” and “Thompson” trans- 
mitters (after their designers). A novel type of gap together 
with a gap circuit of aperiodic constants is employed in each. 
It does not appear necessary, in the face of their extensive sales, 
to comment on the practicability of their operation. 

It may be of interest to note that the first impulse excitation 
transmitter was designed by Lodge in his United States Letter 
Patent 609,154, inasmuch as he provided for gap and antenna 
circuits without resonant tuning, and for a gap of high resistance 
(“polished and protected from ultra-violet light, so as to supply 
the electric charge in as sudden a manner as possible"). With 
the expiration of this patent in 1915, the field was opened for its 
adoption by those companies not desiring to make use of the 
Marconi four-tuned-circuit patent. 

In this connection, interest attaches itself to a statement of 
somewhat prophetic tone made by Mr. Robert Marriott in 1913, 
in his discussion of the Lorenz paper noted above, which I quote 
below: 

“It is interesting to note that in the case of ‘ideal’ impulse 
excitation, where the primary and secondary circuits need not 
be syntonized, various patents covering such tuning are avoided." 

The use of an untuned secondary receiver with an impulse 
transmitter, which procedure has been adopted by Kilbourne 
& Clark, Haller Cunningham, and apparently by Cutting and 
Washington, is a further reversion to the disclosures of the Lodge 
patent, in which such a receiver is described. I am in hearty 
agreement. with Mr. Washington as to the advantages of this 
type of receiver over the coupled tuned circuit type, when used 
commercially with a crystal detector. 

The almost undamped or continuous nature of the antenna 
current due to partial discharges, noted by Mr. Washington, is 
characteristic of true impulse excitation, as observed in my papers 
in which comment was made on the increase in signal strength 
with tikker and beat reception. 

Mr. Washington's “concentration circuit" appears to play 
the same róle as the *tone" circuit of other impulse transmitters. 
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SECOND DISCUSSION 


(In Answer to the Preceding Discussion) 


By 
ENSIGN BOWDEN WASHINGTON, U.S. №. К.Е. 


I would like to say in answer to Lieutenant Stone's interest- · 
ing criticism of my statement, that to the best of my knowledge, 
"Impact excitation has not been put in a thoroly practical 
operation before." I was speaking only from such data as I had 
available on this subject, and it is more than possible that my 
remarks were too broad in scope. The inapplicability of Lieu- 
tenant Stone's criticism appears to be somewhat dependent on 
the definition of “impact excitation." I have always felt that 
this expression should be taken to mean no oscillations in the 
primary, that is, the transfer of energy should occur during one 
current pulse. Otherwise it is only a matter of degree, and this 
seems objectionable for a definition. 

It was my impression, gathered in Europe in 1913, that very 
few Lorenz, or ‘‘Multitone,”’ transmitters were put in practical 
commercial operation, and that these few gave considerable 
trouble. Among other things mentioned were commutator 
troubles, usually present in high voltage direct current machines; 
and it was stated that the tone circuit was extremely critical to 
the condition of the gap. I found this latter to be true of 
the original Chaffee gap. I also have been told by British and 
French signal officers that the German Army purchased a con- 
siderable number of these sets which had to be discarded later 
as highly unreliable. 

I am strongly of the impression that the standard Kilbourne 
& Clark transmitter, as marketed, is not true impact excitation, 
but is highly quenched. I had an opportunity to make quite 
extensive tests on a 2 kilowatt commercial set of their manu- 
facture at the Cruft Laboratory of Harvard University, using 
a Braun tube in these tests. I was never able to get less than 
2.5 complete oscillations in the primary circuit, and the set dis- 
played one characteristic which strongly prejudiced me towards 
the belief that it was not operating as a true impact sct, apart 
` from the evidence obtained with the Braun tube. It is extremely 
critical as to tuning, more so, it seems, than the average quenched 
set. In this connection I would like to state that I have seen 
some Braun tubes oscillograms taken on this type of transmitter 
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purporting to show impact excitation. These were taken, I 
believe, of the primary condenser voltage with no time axis de- 
flection. A single heavy line on one side of the zero was the 
result, supposedly showing potential in but one direction. This 
can be easily explained ;—as the condenser charges the spot moves 
very slowly, allowing the fluorescent screen to be exposed to the 
spot for some time. The actual oscillations occur in a very much 
shorter time, and unless every effort is made to have the spot 
exceedingly bright, there will be no lighting of the path of the 
spot due to the oscillations. The gaps appeared very little dif- 
ferent in general construction from the ordinary quenched gap, 
except for what seemed rather inadequate cooling surfaces, and 
the gap length, 0.010 inch (0.4 mm.), seems long for this type of 
excitation. 

The writer did considerable work on the “Hytone’” gap, as 
manufactured by the Clapp Eastham Company, at the Jefferson 
Physical Laboratory, at Harvard University, with Dr. Chaffee 
in the spring of 1914. The Braun tube was used continuously; 
and on direct current, using a smooth disk it was possible to ob- 
tain pure impact excitation under ideal conditions. With a 
segmented gap, the following difficulty was encountered both on 
direct and alternating current. When the gap was opened, that 
is, when the faces of the segments were not opposite to each other, 
the condenser was given an opportunity to charge to consider- 
able potential. On the approach of the segments a long, stringy 
spark would pass, followed by several small discharges. The 
only way to obtain the energy of this first spark appeared to be 
to tune for resonance, and adjust for proper coupling. It was, 
however, possible to quench entirely the succeeding minor sparks 
by properly proportioning the circuits, but in either case some 
energy was lost, and the apparatus was far from efficient. Al- 
cohol vapor was tried, but never pressures of any real magnitude. 
Sixty cycle alternating current and a tone circuit were also tried 
on the smooth gap, but both the tone quality and tone efficiency 
seemed poor. The only thoroly satisfactory combination as to 
efficiency and functioning appeared to be the smooth gap, direct 
current, and a tone circuit. This was open to the practical ob- 
jections of a high voltage direct current generator. Also, tho 
several gaps were constructed, it would seem difficult to obtain 
а gap which would keep its adjustments for spark length thruout 
the range of temperature encountered during a long run starting 
with a cold gap. 

I should like to take exception to the term “partial dis- 
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charges." I cannot conceive of a discharging condenser being 
stopped in ‘‘mid air," so to speak, and if it is meant that the 
condenser is only partially charged, what constitutes a full 
charge? 

It may also be pointed out that the "concentration circuit" 
does not function in the same manner, or rather to the same pur- 
pose, as a tone circuit. This type of transmitter is entirely de- 
pendent on the generator frequency as to the radio frequency of 
the emitted groups. The concentration circuit is merely to 
group the discharges so as to give the proper form to the antenna 
envelope for maximum tone efficiency. 
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ANNUAL AWARD OF A MEDAL OF HONOR 


By THE BOARD OF DIRECTION OF THE INSTITUTE 


By vote of the Board of Direction at the February 15, 1917, 
meeting, there will be awarded annually a Medal of Honor of 
The Institute of Radio Engineers under the conditions set forth 
below. The medal, which has been designed by the well-known 
sculptor, Mr. Edward Field Sanford, Junior, of New York, has 
on its face a symbolic representation of electromagnetic waves 
and the words: “INSTITUTE OF RADIO ENGINEERS.” Оп 
the reverse are a laurel wreath and the words: “To ————— 
In RECOGNITION OF DISTINGUISHED SERVICE IN RADIO Com- 
MUNICATION ———— (date)." 

The medal will be awarded annually by vote of the Board 
of Direction of the Institute at its April meeting to that person, 
who, during the previous year (January thru December) shall 
have made public the greatest advance in the science or art of 
radio communication. The advance may be an unpatented 
or patented invention, but it must be completely and adequately 
described in a scientific or engineering publication of recognized 
standing and must be in actual (tho not necessarily commercial) 
operation. However, preference will be given to widely used 
and widely useful inventions. The advance may also be a 
scientific analysis or explanation or hitherto unexplained phe- 
nomena of distinct importance to the radio art, tho the applica- 
tion thereof need not be immediate. Preference will be given 
analyses directly applicable in the art. In this case, also, pub- 
lication must be in full and approved form. The advance may 
further be à new system of traffic regulation or control; a new 
system of administration of radio companies or of the radio 
service of steamship, railroad, or other companies; a legislative 
program beneficial to the radio art; or any portion of the oper- 
ating or regulating features of the art. It must be publicly 
described in clear and approved form, and must, in general, be 
actually adopted in practice. 

The method of awarding the medal is as follows: 


1. At least 30 days before the April meeting, the Board 
of Direction shall call, from a number of Members and Fellows 
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of the Institute whom it may choose to consult, for suggested 
candidates. 

2. At the April meeting of the Board, those actually present 
or voting by mail shall nominate at least one. but not more 
than three candidates for the award, in order of preference. 
The names of these candidates shall then be sent to each member 
of the Board, and each member of the Board shall have the priv- 
Пере of returning a vote for one candidate. Four weeks after 
the April meeting. the ballots shall be read. and the candidate 
receiving the most votes shall be awarded the medal. 

3. The official presentation of the medal to the successful 
candidate or his representative shall be at the Mav or June meet- 
ing immediately following. The person awarded the medal 
shall be privileged to indicate this fact in giving his titles and 
honors in the fashion customary in learned and artistic societies: 
thus— Mr. William Jones, E.E.. Medal (or Award) of Honor, 
Institute of Radio Engineers, 191-. 

For 1917, the medal was awarded to Mr. (now Captain) 
Edwin H. Armstrong in recognition of his work and publica- 
tions dealing with the action of the oscillating and non-oscillat- 
ing audion. For 1918, in view of the limitation of publication 
. brought about by war conditions, no award was made. 


THE MORRIS LIEBMANN MEMORIAL PRIZE 


The Board of Direction of The Institute of Radio Engincers, 
at its regular meeting held on February 5, 1919, accepted a gift 
of $10,000 to The Institute of Radio Engineers, from an anony- 
mous donor, himself a friend and member of the Institute, to 
"preserve the memory of our late friend and fellow member, 
Colonel Morris N. Liebmann, who has sacrificed his life in the 
cause of our country." 

The principal of this fund will be preserved in perpetuity 
and the annual income derived therefrom only will be expended. 
The present amount of this income is $425.00 per annum, and 
is to be awarded each year on the first day of October (beginning 
October 1, 1919), by a special committee appointed annually 
by the Board of Direction, to that member of the Institute, 
who, in the opinion of this committee, shall have made the 
most important contribution to the radio art during the preceding 
calendar year. 

This annual award is to be known as the ‘Morris Liebmann 
Memorial Prize” and it is hoped will act as an additional incen- 
tive to the further rapid development of radio communication. 
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THEORY AND OPERATING CHARACTERISTICS OF 
THE THERMIONIC AMPLIFIER* 


By 
Н. J. VAN DER Bur, M.A., PH.D. 


(WESTERN ELECTRIC COMPANY, INCORPORATED, NEW YORK CITY) 


I. INTRODUCTION 


The three-electrode thermionic tube has been responsible 
for a great deal of the recent rather remarkable developments 
in the art of radio communication. In its most commonly 
known form it consists of an evacuated vessel containing a hot 
filament cathode, an anode placed at a convenient distance from 
the cathode and a third electrode in the form of a grid placed 
between cathode and anode. To discuss in detail the theory 
of operation of the device in its various applications, such as 
oscillation generator, radio detector, and amplifier would be 
beyond the scope of the present paper. What I intend to give 
here is merely its fundamental principles of operation, with par- 
ticular reference to its application as an amplifier. The frame- 
work of this theory was worked out in the winter of 1913-14 
and formed the basis of a considerable amount of research and 
development work that has since been done in this laboratory 
on the device and its various applications. 

A condition which is assumed in the elaboration of the views 
expressed in the following is that the operation of the device 
is independent of any gas ionization, or in other words, that the 
current is carried almost entirely by the electrons emitted from 
the hot cathode. It is, of course, to be understood that it is at 
present impossible completely to eliminate ionization by col- 
lision of the electrons emitted from the cathode with the residual 
gas molecules. But the condition assumed can always be real- 
ized practically by evacuating the tube to such an extent that 
the number of positive ions formed by collision ionization is 
always small compared with the number of electrons moving 
from cathode to anode. This happens when the mean free path 
of the electrons in the residual gas becomes large compared with 
`  *Received by the Editor, October 28, 1918. 
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the dimensions of the device. The pressure necessary for this 
is not very low, and were it not for the gases occluded in the 
electrodes and walls of the vessel, it would be a comparatively 
simple matter to make the tube operate independently of gas 
ionization. The energy liberated by the electrons striking the 
anode, however, usually causes a sufficient rise in the temper- 
ature of the device to liberate enough gas to increase the pres- 
sure unduly.! 

This is especially marked in the case of tubes handling large 
amounts of power. It is, therefore, necessary to denude the 
electrodes and walls of the tube of gases during the process of 
evacuation. Furthermore, since the energy liberated at the 
anode increases with the applied voltage, it is seen that this 
voltage must be kept within limits depending upon the degree of 
evacuation obtained. This is very important when using the 
device as a telephone relay, as was recognized by Dr. Arnold 
. of this laboratory in the early stages of his experiments with 

this tvpe of device. As is well known to workers in this field, 
it is difficult to keep a discharge steady and reproducible when 
ionization by collision is appreciable, and steadiness and re- 
productibility are conditions which must be complied with by 
a telephone relay. 

The success of the tubes developed by the Western Electric 
Company is mainly due to the extensive study that has been 
made of the bearing of the structural parameters of the device 
on its operation. It is hardly possible to meet the requirements 
of efficiency and satisfactory operation of the device without 
an explicit mathematical formulation of its operation. А sat- 
isfactory telephone relay must, for example, do more than 
merely utilize the direct current power in its local circuit to 
ainplify alternating current power: it must faithfully reproduce 
the incoming speech currents, it must also be capable of handling 
sufficient power, and have a definite impedance that can con- 
veniently be made to fit the impedance of the telephone line. 
Since all these conditions depend on the structural parameters 
of the amplifier, they will not be satisfied unless the amplifier 
be properly designed, and so much distortion may be produced as 
to make the device worthless as a telephone relay. On the other 
hand, it has been found that by properly designing the amplifier 
the above-named requirements can be met very satisfactorily. 


! For a fuller explanation of the effeet of gas, see Н. J. van der Bijl, 
"Phys. Rev.", (2), 12, page 174, 1918. 
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II. CURRENT-VOLTAGE CHARACTERISTICS OF SIMPLE 
THERMIONIC DEVICES 


We shall not here enter into a discussion of the extensive 
investigations that have been carried out on thermionics, but 
merely, for the purpose of elucidation, touch upon those 
phases of the subject which have a direct bearing on the theory 
of operation of the thermionic amplifier. 

Consider a structure consisting of a heated cathode and 
an anode, and contained in a vessel which is evacuated 
to such an extent that the residual gas docs not play any part 
in the current convection from cathode to anode. The number 
of electrons emitted from the cathode is a function of its temper- 
ature. If all the electrons emitted from the cathode pass to the 
anode, the relation between the resulting current J and cathode 
temperature Т' is given by a curve of the nature shown in Figure 
1. This curve is obtained provided the voltage between anode 
and cathode is always high enough to drag all the electrons to 
the anode as fast as they are emitted from the cathode; that is, 
I in Figure 1 represents the saturation current. The saturation 


Current to anode (I) 


Temperature of Cathode 
FIGURE 1 


current is obtained in the following way: Suppose the cathode 
be maintained at a constant temperature Т, and the voltage 
V between anode and cathode be varied. As this voltage V 
is raised from zero, the current J to the anode at first increases, 
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the relation between V and J being represented by the curve 
OA, of Figure 2. Any increase in V beyond the value corre- 
sponding to A, causes no further increase in Г, and we get the part 
A,B, of the curve. Clearly this part of the curve corresponds 
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FIGURE 2 


to the condition when all the emitted electrons are drawn to 
the anode as fast as they are emitted from the cathode. If the 
cathode temperature be increased to 7», the number of emitted 
electrons is increased, and we get the curve О A; B». When 
these values of the saturation current are plotted as a function 
of the temperature, we obtain the curve of Figure 1. This 
curve Is represented very approximately by the equation 
1 b 
I=aT2eT, (1) 
where а and Ь are constants. This equation was derived by 
О. W. Richardson in 1901? on the basis of the theory that the 
electrons are emitted from the hot cathode without the help 
of any gas, but solely in virtue of their kinetic energy. The 
formulation of this theory was the first definite expression of 
what may be termed a pure electron emission. 
In the state in which Richardson’s equation holds the cur- 


* “Proc. Camb. Phil. Soc.," volume IT, 285, 1901; "Phil. Trans. Roy. 
Soe.,” A, 201, 1903. 
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rent is independent of the voltage. Under these conditions 
the device to be treated in the faliowing does not function as 
amplifier or detector, since it depenal;- for its operation on the 
variation of current produced by variation of the voltage. In 
this device the current established in the .cievit connecting 
filament and anode (that is, the so-called output circuit) by the 
electrons flowing from filament to anode is varied by potential 
variations applied between the filament and grid. ‘The gordi- 
tion under which the current is a function of the voltage 15 rep- 
resented by the part OA of Figure 2. Here the voltage is пої, 
high enough to draw all the electrons to the anode as fast as they 
are emitted from the cathode; in other words, there are more 
electrons in the neighborhood of the cathode than can be drawn 
away by the applied voltage. It was first pointed out explicitly 
by C. D. Child in 1911 that this limitation to the current is due 
to the space charge effect of the electrons in the space between 
anode and cathode. The influence of space charge is something 
which must always be considered where conduction takes place 
by means of dislodged electrons or ions, such as the conduction 
thru gases at all pressures, liquids, and high vacua. Assuming 
that in the space only ions of one sign are present, Child deduced 
the equation ? 


3 
] 2e V2 2 
бш ды. (2) 

In this equation, which was et on the assumption that 
both cathode and anode are equipotential surfaces of infinite 
extent, J is the thermionic current per square centimeter of 
cathode surface, V the voltage between anode and cathode, z 
the distance between them, and e and m the charge and mass of 
the ion, respectively. 

When the full space charge effect exists, the current is inde- 
pendent of the temperature of the cathode. This can be under- 
stood more easily with reference to Figure 3, which gives the 
current as a function of the temperature of the cathode for various 
values of the voltage between anode and cathode. Suppose a 
constant voltage V; be applied between anode and cathode, and 
the temperature of the cathode be gradually increased. At 
first when the temperature is still low, the voltage V, is large 


3 C. D. Child, “Phys. Rev.," 32, 498, 1911. The space effect has been 
fully studied by J. Lilienfeld (**Ann. d. Phys.,” 32, 673, 1910); I. Langmuir 
(“Рһуз. Rev.", (2), 2, 450, 1913), who also “independently derived the space 
charge equation (2) and published a clear explanation of the limitation of 
current by the space charge; and Schottky (Jahrb. d. Rad. u. Elektronik," 
volume 12, 147, 1915). 
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enough to draw all the emitted electrons to the anode, and an 
increase in the temperature results i in an increase in the current. 
This gives the part QC; 0f: the curve of Figure 3. When the 
temperature correspenthng to С, is reached, so many electrons 
are emitted that: ‘the’ resulting volume density of their charge 
causes alLother emitted electrons to be repelled, and these return 
to m filaient. Obviously any further increase in the tempera- 
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FIGURE 3 


ture of the cathode beyond that given by C; causes no further 
increase in the current, and we obtain the horizontal part С.Р). 
If, however, the voltage be raised to Ve, the current increases, 
since more elections are now drawn away from the supply at 
the filament, the full space charge effect being maintained by less 
emitted electrons being compelled to return to the filament. It is 
now clear that the part OC of Figure 3 corresponds to the part 
AB of Figure 2 and CD of Figure 3 to OA of Figure 2. The 
latter represents the condition under which the thermionic 
amplifier operates. 

It is important to note that the thermionic amplifier operates 
under the condition characterized by the circumstances that 
the apphed voltage is not sufficiently high to give the saturation 
current. 
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III. ACTION OF THE AUXILIARY ELECTRODE 


So far we have considered the case of a simple thermionic 
device consisting of a cathode and anode. When a third elec- 
trode is added to the svstem, the matter becomes more com- 
plicated. 

The insertion of a third electrode to control the current 
between cathode and anode is due to de Forest. De Forest 
later gave this electrode the form of a grid placed between 
cathode and anode. About the same time von Baeyer® used 
an auxiliary electrode in the form of a wire gauze to control 
thermionic discharge. The gauze was placed between the 
thermionic cathode and the anode. 

The quantitative effect of the auxiliary electrode was first 
given by the present writer.’ 

To get an idea of the effect of the auxiliary electrode consider 
the circuit shown in Figure 4. F denotes the cathode, P the 
anode, and G the auxiliary electrode which is in the form of a 
grid between F and P. Let the potential of F be zero, and that 
of P be maintained positive by the battery E, and let E, for the 
present be zero. Now, altho there is no potential difference 
between F and G, the electric field between F and G is not zero, 


reg 


FIGURE 4 


4 De Forest, U. S. Patent number 841,387, 1907. 

5 De Forest, U. S. Patent number 879,532, 1908. 

6 von Baever, “Verh. d. D. Phys. Ges.,” 7, 109, 1908. 

? H. J. van der Bijl, “Verh. d. D. Phys. Ges.," May, 1913, page 338. In 
these experiments which were also performed under such conditions that the 
eurrent was carried almost entirely by electrons, the source of electrons was 
a zine plate subjected to the action of ultra-violet rays. It is obvious that the 
action of the auxiliary electrode is independent of the nature of the electron 
source. Hence the results then found apply also to the present case. 


103 


but has a finite value which depends upon the potential of P. 
This is due to the fact that the potential of P causes a stray field 
to act thru the openings of the grid. If the potential of P be Eg 
the field at a point near F is equal to the field which would be 
sustained at that point if a potential difference equal to УЕ» 
were applied directly between F and an imaginary plane coin- 
cident with the plane of G, where Y is a constant which depends 
on the mesh and position of the grid. If the grid is of very fine 
mesh Y is nearly zero, and if the grid be removed—that is, if 
we have the case of a simple valve—" is equal to unity. 
These results can be expressed by the following equation: 


E,—'Y Eg c. (3) 


Here є is a small quantity which depends upon a number of 
factors, such as the contact potential difference between cathode 
and grid and the power developed in the filament, which 15 the 
usual form of cathode used. It is generally of the order of a volt 
and can be neglected when it is small compared with YE.g 
Obviously the current between anode and cathode depends on 
the value of Е,. 

Now, suppose a potential E, be applied directly to the grid 
G, the cathode F remaining at zero potential. The current is 
now a function of both E, and E,: 

[= (E, Е,). (4) 

Before determining the form of this function, let us consider 
in a general way how the current is affected by E, апа Е. We 
have seen that E, is due to the voltage Eg between anode and 
cathode, and is less than Eg if the grid is between anode and 
cathode, since in this case У is always less than unity. Under 
the influence of E, the electrons are drawn thru the openings of 
the grid and are thrown on to the anode by the strong field 
existing between grid and anode. The effect of Е, on the motion 
of the electrons between F and G is similar to that of E,. Whether 
or not electrons will be drawn away from the cathode depends 
on the resultant value of E, and E, If E,+E. is positive, 
electrons will low away from the cathode, and if E,4- E, is zero 
or negative, all the emitted electrons will be returned to the 
cathode, and the current thru the tube will be reduced to zero. 
Now, E, +E. will be positive: (1) when Е, is positive (E, is always 
positive), and (2) if E, is negative and less than E,. 

1. When Е, is positive, some of the electrons moving toward 
the grid are drawn to the grid, while the rest are drawn thru the 
openings of the grid to the anode under the influence of E, 
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The relative number of electrons going thru and to the grid 
depends upon the mesh of the grid, diameter of the grid wire, 
and the relative values of Е, апа E.. When, for example, E, 
is large compared with E,, the number of electrons going to the 
grid is comparatively small, but for any fixed value of E, the 
current to the grid increases rapidly with increase in E.. Hence, 
for positive values of E., current will be established in the circuit 
FG E., Figure 4. 

2. If, however, E. is negative and less than E,, as was the case 
in the above named experiments of the writer, nearly all the 
electrons drawn away from the filament pass to the plate, prac- 
tically none going to the grid. In this case the resistance of the 
circuit F G E, is infinite. 

If, now, an alternating emf. be impressed upon the grid so 
that the grid becomes alternately positive and negative with 
respect to the cathode, the resistance of the circuit F G E,, which 
may be referred to as the input circuit, will be infinite for the . 
negative half cycle and finite and variable for the positive half 
eycle. If, on the other hand, the alternating emf. be super- 
imposed upon the negative value, E£., the values of these voltages 
being so chosen that the resultant potential of the grid is always 
negative with respect to the cathode, the impedance of the 
input circuit 1s always infinite. 

Broadly speaking, the operation of the thermionic amplifier 
is as follows: The current to the anode we have seen is a func- 
tion of E, and E,, or keeping the potential Eg of the anode con- 
stant, the current for any particular structure of the device 
is a function only of the potential on the grid. Hence, if the 
oscillations to be repeated are impressed upon the input circuit, 
variations in potential difference are set up between cathode and 
grid, and these cause variations in the current in the circuit 
FPR, the power developed in the load R being greater than that 
fed into the input circuit. It is seen then that the device func- 
tions broadly as a relay in that variations in one circuit set up 
amplified variations in another circuit unilaterally coupled with 
the former. 


IV. CURRENT-VOLTAGE CHARACTERISTIC OF THE THERMIONIC 
AMPLIFIER 

Equation (2) which gives the current to the anode as a func- 

tion of the applied voltage in the case of a simple device con- 

taining equipotential electrodes of infinite extent is of little use 

in deriving the amplification equations of the thermionic ampli- 
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fier. In the first place, the cathode in this device is not an 
equipotential surface, but a filament which is heated by passing 
a current thru it. Secondly, the insertion of a grid between the 
filament and the anode so complicates the electric field. distri- 
bution that a theoretical deduction of the relation between the 
current to the anode and the applied voltages between filament 
and grid and filainent and anode is difficult and leads to expres- 
sions that are too complicated for practical use. I have, there- 
fore, found it more practical to determine the characteristic 
of the tube empirically, and found as the result of a large number 
of experiments that the characteristic can be represented. with 
sufficient accuracy by the following equation: 
I = а (Е,+Е,)?, (5) 
where и is a constant depending on the structure of the device.’ 
With the help of equation (3) this becomes 
I 2a (YEg+E. +e). (6) 
This gives the current to the anode as a function of the anode 
and grid potentials, the potential of the filament being zero. 
If a number of voltages be impressed upon the grid and anode, 
we have generally 
I-«(Y JEg+ YE. +=)? (7) 
If, for example, an alternating emf., es n pt be superimposed 
upon the grid-voltage, E,, the equation becomes: 


I = а (УЕ, +Е,+ехіп pt+e)?. (8) 


It must be understood that equation (6) gives the direct 
characteristic of the device itself; that is, Eg in equation (6) Is 
the voltage directly between the filament and the anode P 
(Figure 4). If the resistance R be zero, Eg 15 always equal to 
E, the voltage of the battery in the circuit EPRE, which is con- 
stant. If R be not zero, the potential difference established 
between the ends of R by the current flowing in it makes Eg 
a function of the current. The effect of the resistance R on the 
characteristic will be explained later. For the present we shall 
confine ourselves to a discussion of the characteristic of the 
amplifier itself. This. characteristie can always be obtained 
experimentally by making А equal to zero and using an ammeter 
in the егеп FPER (Figure 4), the resistance of which is small 
compared. with the internal output resistance of the amplifier 
itself. 

а Altho this equation is sufficiently accurate when using the device as an 


amplifier, its accuracy does not suffice for purposes of detection, since the de- 
tection action is a function of the second derivative of the characteristic. 
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A graphical representation of equation (6) is given in Figure 
5. The curves give the current to the anode as a function of 
the grid voltage E, for different. values of the parameter, Eg. 
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FIGURE 5 


Referring to equation (6) and Figure 5, we see that the cur- 
rent is finite for negative values of the grid voltage E., and 1s 
only reduced to zero when 

| E.-— (* Eg 4-2). 
Differentiating J (equation 6), first with respect to Еһ, keeping 
E, constant, and then with respect. to E., keeping Eg constant, 
we get: 
2 
д Ев 
Ol : | | 
ЭЕ, =2u (УЕ, +Е. +) E. (10) 


4C 


-2 aY (YE, +E. +e) =Q, (9) 
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Hence 
О 
q =Т= constant, (11) 
from which it follows that for equivalent values of Ер and E., 
a change in the anode voltage Eg produces У times as great a 
change in the current to the anode as an equal change in the 
grid voltage E,. | 

The output impedance of the tube is obtained from the 
admittance K which is given by 


1 (?" д1 
x-i f 8E, i^ 


or putting in the value of ig from (9): 
д Ep 


"2m 
K=3-{ 2 4'y (YEgtE,+e+e sin pt) dt. 
eT Jo 


OI . 
It is seen that 3E, 18 not constant but depends upon the 
5 ! 
instantaneous value of the input voltage esin pl. This is also 
obvious since the characteristic is curved. The admittance and 
impedanee, however, are independent of the input voltage, as 
is seen readily by integrating the expression for К: 
1 1 | 
Re ы C ee. a a | 12 
К 2a7(VEg+E,+5) (12) 
Comparing this with equation (9), it is seen that the impedance 
сап readily be obtained by taking the slope of the characteristic 
at a point corresponding to the direct current values Eg and Е, 
at which it is desired to operate the tube. 
Equation (12) can be expressed in a more convenient form 
by multiplving its numerator and denominator by (Y Eg+E,+¢): 


E YEgtE.+¢ | ; 
° ZaY(YEsgctE s) 
which, with the help of equation (6) becomes 


p, Ев (E s) ; (13) 
2I 
where 
H, = l (14) 
"y 


We shall see that д, is the maximum voltage amplification 
obtainable from the device. 


Comparing (12) with (9) it is seen that 2,=1/Q and there- 
fore from (11) and (16) the slope of the J, E,-curve is given by 


H 
Sa "2. 1 
Ro (15) 
This constant is very important. It will be shown later that 
the quality of the device is determined by the value of S, that 
is, the slope of the curve giving the current to the plate as a 
function of the grid voltage. 


V. EXPERIMENTAL DETERMINATION OF THE CONSTANTS OF THE 
TUBE AND VERIFICATION OF THE CHARACTERISTIC EQUATION 
In order experimentally to verify equation (6) it is neces- 
sary to know the value of the constants y and e. Both 
these constants can be determined by methods which do not 
depend on the exponent of the equation. The lincar stray field 
relation 
E., =yŅyEg+e, | (3) 
which is involved in equation (6) is also independent of the 
exponent. The constants У and e can be determined and the 


relation (3) tested as follows: 
Let us assume an arbitrary exponent В for equation (6): 


I =a (Y Eg -E,4- £f. (16) 
Takine the general case in which both Ер апа Е, are variable, 
we have: 
dI _ 1 dE, , OI 
dE. дЕваЕ, OF. 


Now 
91 «8Y (ЕЕ): 
0 Ep B ere , 
ar _ P 
ap, ^ (УЕь+Е,+ ғ) . 
Hence 
dl — „8-1 (d En ) | 
dg, =“ EHE) Us +1 (17) 


Now, let J be constant, then 
'Y Eg - E 43-:—0, 
that is, 
—E.=VE,+:=E,, (18) 
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or ПЕв _ 1 
d E. 7 
Integrating and putting : equal to д,, we get 


Ев - Eg - A, E.. (19) 


Equations (18) and (19) are, therefore, independent of the 
exponent of (6). Equation (18) gives the case in which the cur- 
rent has the constant value zero. It shows that E, in equation 
(3) is simply the absolute value of the grid potential E., which 
suffices to reduce the current to the anode to zero when the 
anode has a potential Kg. (The potentials are referred to that 
of the filament which is supposed to be grounded.) Referring 
to-Figure 5, we see that equation (18) gives the relation between 
the intercepts of the curves on the axis of grid potential E. and 
the corresponding values of anode potentials Eg. This is the 
method which I used several years ago to test the linear stray 
field relation (3). The accuracy with which this relation is 
obeved is seen from Figures 3 and 5 of my above mentioned 
publication.? 

The factor »,, which plays a very important part in the theory 
of operation of the thermionic amplifier, can be obtained by 
taking the slope of the curve giving the relation between Eg 
and Е, in accordance with equation (18). It can be more easily 
determined with the help of equation (19), which gives the rela- 
tion between the anode .and grid potentials necessary to main- 
tain the current at some convenient constant value. Figure 6 
gives results obtained in this manner. "The linear relation 
obtained between Eg and Е, verifies equation (19). 

Another method of determining р, is with the help of equation 
(11): 

? y= z (11) 
S Hn 
S 1s the slope of the curve giving the current to the anode as a 
function of the grid potential, and Q the slope of the curve which 
gives the current as a function of the anode potential. Since 
both these slopes depend upon the anode and grid potentials 
Ев and E, they must. be measured for the same values of Eg 
and E. This method gives quite reliable results but. is not as 
convenient as the one explained above. 

? “МУоһг, d. D. Phys. Ges.” above. For further experimental verifiea- 


tion of this relation when applied to the case in which the cathode consists 
of a hot filament, see H. J. van der Bijl, “Phys. Bev", (2), 12, 181, 1918. 
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FIGURE 6 


The most convenient method of measuring the amplification 
constant A, is that recently given by Miller.'^ The principle of 
this method is the same as one that has been frequently used 
in this laboratory where it is necessary to determine и, for a 
large number of tubes. The circuit shown in Figure 7 is con- 
tained in a box with terminals for the ammeter A and batteries 
Eg and Ey. The tube is plugged into a socket provided for it 
in the box. It is seen from the previous paragraph that a voltage 
in the grid circuit 1s equivalent to 4,-times that voltage in the 
plate circuit. Hence, referring to Figure 7, it is evident that 
no change will be produced in the ammeter A on closing the 


> -p Гү " : " 
key A, if - =p,» For convenience in measurement т» is а 
Pa 


fixed value of 10 ohms, and r, consists of three dial rheostats of 
1,000, 100, and 10 ohms arranged in steps of 100, 10, and 1 ohms 
each. The rheostats are marked in tenths of the actual re- 
sistances, so that the setting of the dials read the 4, directly. 
The drain of the battery E, is very small because the circuit is 
only closed momentarily by the push button K. This battery, 
therefore, consists of small dry cells inclosed in the box. Instead 


10 J. M, Miller, PROCEEDING oF THE INSTITUTE oF RADIO ENGI- 
NEERS, volume 6, page 141, 1918. 
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of using a direct current supplied by the battery Ei, an alter- 
nating current can be used, in which ease the ammeter A must 
be replaced by a telephone receiver. The use of an alternating 


_| 


current has the advantage that it allows a simple determination 
of the impedance of the tube according to the method given by 
Miller. Figure 8 shows a photograph of the »,-meter with a 
tube inserted in its socket. The rheostat Ё enables the filament 
current to be adjusted to the desired value. 

In order to test the characteristic equation (6) it is still 
necessary to know the value of e. This can be obtained by 
applying a convenient negative potential to the grid and keep- 
ing it constant while observing the current to the anode for 
various values of the anode potential. The grid being negative 
with respect to the filament, no current could be established in 
the filament-grid circuit. There should be no resistance in the 
circuit FPE except that of the ammeter, and this should be 
small compared with the internal output resistance of the ampli- 
fier itself. Under these conditions the voltage of the battery E 
is always equal to Eg, the voltage between filament and anode, 
so that the observed values of current and voltage give the true 
characteristic of the amplifier. From the curve giving the cur- 


FIGURE 7 
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FIGURE 8 


rent as a function of the anode potential the value of the anode 
potential can be determined for which the current is reduced 
to zero. This potential, of course, depends upon that of the 


grid. By putting J equal to zero in equation (6), and y= к 
p 


we get КОР ^ 4 2 " 
Ho 
Опсе к, and є are known, the current can be plotted against 
1 2 
the expression (s +E, +e) (20) 


Figure 9 shows the results for one particular type of tube. 
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In this case the grid had a constant negative potential equal to є. 
Hence the current was simply plotted as a function of Eg. The 
straight line gives the relation between Eg” and the anode cur- 
rent. It is seen that the parabolic relation of the fundamental 
equation (6) is obeyed with sufficient accuracy." 


VI. CHARACTERISTIC OF CIRCUIT CONTAINING THERMIONIC 
AMPLIFIER AND OHMIC RESISTANCE IN SERIES 


In discussing the behavior of the thermionic amplifier in an 
alternating current circuit, we shall make two assumptions: 

First. The alternating current established in the circuit 
FPER (Figure 4) is a linear function of the voltage impressed 
upon the input circuit FGE.. This implies that the power 
amplification is independent of the input. This is the condition 
for an ideal amplifier. 

Second. The thermionic amplifier shows no reactance effect. 
This implies that if the amplifier be inserted in a non-inductive 
circuit, the power amplification produced is independent. of the 
frequency. 

No proof is needed to establish the validity of, the second 
assumption. The first is, however, not true except under cer- 
tain conditions, and it remains to determine these conditions 
and operate the amplifier so that they are satisfied. Let the 
external resistance of the output circuit FPE (Figure 4) be zero, 
and the resistance of the current-measuring device negligibly 
small compared with the internal output impedance of the am- 
plifier itself. Under these circumstances Eg, which denotes the 
potential difference between filament and anode, is independent 
of the current in the circuit FPE, and alwavs equal to the voltage 
Е of the battery in the circuit. Hence, if the current be plotted 
as a function of E,, the potential difference bet ween filament and 
grid, the parabola given by equation (6) and Figure 5 is obtained. 
If, now, the potential of the grid be varied about the value E. 
equal to cf (Figure 5), it is obvious from the curve that the 
increase, ab, in current to the anode due to a decrease, oa, in 
the negative potential of the grid is greater than the decrease 
a’b’ in current caused by an equal increase, oa’, in the negative 
grid potential. In this case, the output current consists of the 
following parts: Let the alternating input voltage superim- 
posed upon Е, be e sin pt then 


I,-a(YEg--E.d- 5-6 sin pt). (8) 


п For further results of these experiments, see “Phys. Rev.", (2), 12, 186, 
1918. 
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Expanding this we get 


I= «a ( Eg +E. ++)? +2 а (yEg+E,+s) e sin pl 
а е? th е? 
+ > соз (2рі+х)+ a (21) 

The first term represents the steady direct current maintained 
by the constant voltages Eg and E, when the input voltage e 
is zero (equation 6). The second term gives the alternating 
output current oscillating about the value of direct current given 
by (6). It is in phase with and has the same frequency as the 
input voltage. When using the device as an amplifier, this is 
the only useful current we need to consider. The first harmonic 
represented by the third term is present, as was to be expected 
in virtue of the parabolic characteristic. The last term, which 
is proportional to the square of the input voltage, represents 
the change in the direct current component due to the alternating 
input voltage, and is the only effective current when using the 
device as a radio wave detector. If a direct current meter 
were inserted in the output circuit, it would show a current which 
is greater than that given by equation (6) bv an amount equal 
to S , the last term of equation (21). "This is the state of 
matters when the device works into a negligibly small resistance. 

If, on the other hand, the output circuit contains an appre- 
cjable resistance," R, the voltage Eg between filament and plate 
is not constant, but is a function of the current, and an increase 
in the current due to an increase in the grid potential sets up a 
potential drop in the resistance R, with the result that Eg de- 
creases, since the battery voltage Ё is constant. Ep is now 
given by 

Еь=Е– ВІ. (22) 

In order to obtain the characteristic of the circuit. containing 

the tube and a resistance R, let us substitute (22) in (8): 


І, = а |У (E—RI)+E,+:+¢e sin p t| 
and put YE+E,+:=V. This gives 
1-2«4"YR (V+esin pt) —A/1-4-4«4* R(V-resin pty 2n 
jesse з et A) 
Ay me 


1? The insertion of a suitable resistance in the output circuit to straighten 
out the characteristic and so reduce distortion was, I believe, first suggested 
by Dr. Arnold, who also showed experimentally that distortion is almost 
negligible when the external resistance is equal to the impedance of the tube. 


This expression can be expanded into a Fourier series: 


Gur a 
2 ay? R? 


| 1 
i= +(1--, = TON sin rt 
V1+4aY RV yR ; (24) 


n s М 9n (2n—1) a n-l R"-1 он +1 TETUR pe 
nc-l(ücria«YRV)y*"3 — 


From this it is seen that the rate of convergence of the series 
increases as Ё is increased. Actual computations show that 
when the tube is made to work into an impedance equal to or 
greater than that of the tube the harmonie terms become 
negligibly small compared with the second term of (24), which 
is the only useful term when using the tube as an amplifier, so 
that we can assume that the amplification is independent of the 
input voltage.'? 

When the tube works into a large external resistance it can 
show a blocking or choking effect on the current. "This is seen 
from the following: The voltage Eg which is effective in draw- 
ing electrons thru the grid to the anode is given by equation 
(22). If now the current be increased, not by increasing the 
electromotive force in the circuit FPR (Figure 5), but by in- 
creasing the potential difference between filament and grid, the 
current 7 increases, while E, the electromotive force in the plate 
circuit, remains constant, from which it follows that Eg must 
decrease while E., the grid voltage, increases. The result of 
this is that more electrons that otherwise would have come 
thru the grid to the anode are now drawn to the grid. If the 
input voltage becomes large enough the anode circuit FPR may be 
robbed of so many of its electrons that no further increase in 
current in the anode circuit results no matter how much the grid 
voltage is increased. Under these conditions equation (241) 
does not apply. Its application is limited to the conditions stated 
by equations (25) and (26). 

Even if the series represented by the last term of equation 


1з In this connection I want to point out that altho the parabolic relation 
used here represents the characteristic of the tube with sufficient accuracy 
when using the tube as an amplifier, and indeed with quite a good degree of 
accuracy, as shown by the experimental curves, vet the approximation is not 
close enough to represent accurately the second and higher derivatives of the 
characteristic, and therefore, too much reliance should not be placed on the 
actual values of the several harmonic terms represented by the last term of 
equation (24). This equation is merely intended to show, as it does, in a 
general way how the insertion of a resistance in the output circuit of the tube 
tends to straighten out the characteristic. 
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(24) were zero, distortionless transmission can only be obtained 
if the input voltage is kept within certain limits. 

Let the input voltage, esin pt, be superimposed upon the 
negative grid voltage, E, (Figure 5). Theoretically speaking, 
one condition of operation is that the grid should never become 
so much positive with respect to the filament that it takes appre- 
ciable current, for if this happens the current established in the 
grid cireuit would lower the input voltage, and therefore the 
amplification. In actual practice the extent to which the grid 
can become positive before taking appreciable current depends 
upon the value of the plate voltage and the structure of the tube. 
We can therefore state that a condition for distortionless trans- 
mission is e<|E,|+ g|, where g is the positive voltage which the 
grid can acquire without taking enough current to cause dis- 
tortion. Another condition is that the input voltage must not 
exceed the value given by d f (Figure 5); otherwise the negative 
peaks of the output current wave will be chopped off. Now cd is 
given by YEg+e. This is obtained by equating the current 7 
to zero in equation (6). We therefore have the conditions 


le < [Е |10, (25) 
le < |УЕв+= | |Е, |, 

or when the tube is working at full capacity—that is, when 

operating over the whole curve, 
e-|E.|-|g]-|vEstei-|E.. — . (26) 
It may be remarked here that when using the tube as an 
oscillation generator, these limits are not obeyed. From equa- 
tion (12), it is seen that the impedance R, of the tube is inde- 
pendent of the input voltage e sin pt. This is, however, true only 
as long as the characteristic 15 parabolic. Referring to Figure 5, 
if the input voltage oscillates about the value f, the slope of the 
tangent at o is a measure of the impedance, in fact, it 1s 4, divided 
by the impedance (equation 15). Since the characteristic is 
parabolic, it follows that the secant thru bb’ is always parallel 
to the tangent at o as long as oa = оа’ (equal to the input voltage 
e). The impedance can, therefore, be obtained by taking the 
slope of the secant thru the maximum and minimum current 
values. If now the tube works beyond the limits of the para- 
bolic characteristic, such as along the curve OAB (Figure 2) 
the slope of this secant does not remain constant for all values 
of the input voltage, so that the impedance of the tube is not in- 
dependent of the strength of the oscillations but increases with 
it, the minimum impedance being obtained when the oscilla- 
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tions are infinitely small. This is what happens when the tube 
operates as an oscillation generator. Part of the energy in the 
output circuit is fed back to the input circuit, thus increasing 
the strength of the oscillations in the output until the tube 
works beyond the limits of the parabolic characteristic. The 
impedance of the tube is thereby increased, and this increase 
continues until the impedance acquires the maximum value 
capable of sustaining the oscillations, consistent with the degree 
of coupling used between the output and input circuits. It is 
readily seen that the current obtained in the output is not a 
single pure sine wave, but contains a number of harmonics as 
well. The extent to which these harmonics influence the cur- 
rent values obtained, when the latter is measured simply by the 
insertion of a hot wire meter in the output circuit, which, of 
course, measures the total current, depends on the degree of 
coupling as well as the constants of the output circuit. These 
considerations must be borne in mind when dealing with the 
alternating current output power obtainable from an oscillation 
tube. The only useful power is, of course, that which is due 
to the fundamental. 


VII. AMPLIFICATION EQUATIONS OF THE THERMIONIC AMPLIFIER 


On the strength of the two assumptions discussed in the 
previous paragraph, namely, that the amplification is independ- 
ent of the input and the frequency, it is possible to derive the 
equations of amplification in a very simple way. Referring 
to Figure 4, let the current in the external resistance R be varied 
by variations produced in the grid potential, E,. Then, as was 
shown in the last paragraph, Ёв is also a variable depending on 
the current J, as shown by 

Eg, -E— RI, (22) 
where E is the constant voltage of the battery in the output 
circuit FPER. Hence 

1 ux Ф (Ев, E,), 
from which 

dI _ al dE, д1 

dE, дЕв dE, OE. 
This gives the variation of current in R as a function of the 
variation in the grid voltage. 

Substituting from (9) and (10), 


dl _ : d(E — RI) 
dg, n EHE (n iE. +1) 
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that is, 


dI __2a(YEs+E.+:) 
dE, 1+2aY R(YE+Ec+e) 


Multiplying thruout by R, and putting ےم‎ we obtain by a 


0 


simple transformation 


R dI = p, R | 
d E. Eg-- A (E, -- €) (27) 


R+ 2I 


Now, R‘dI is the voltage change set up in the resistance R, 
and d E, is the change in the input voltage. Hence equation 
(27) gives the voltage amplification produced by the device, which 
we shall call д. Furthermore, it follows from paragraph IV. 
that the output impedance of the amplifier is given by 


_ Estr, (E.+e) 
R,= 2 (13) 
Hence the voltage amplification џи is given by 
p, R 
ES e 2 
du вр, (28) 


From this equation it is seen that the voltage amplification 
asymptotically approaches a finite value д, which is attained 
when the external resistance E becomes infinitely large com- 
pared with the output impedance of the amplifier. 

In order to find the power amplification it is necessary to 
know the input impedance of the amplifier; that is, the imped- 
ance of the circuit FG E, (Figure 4). Now, the amplifier is 
operated, as was stated above, under such conditions that no 
current is established in the circuit FG E.. The impedance of 
this circuit is, therefore, infinite, and the power developed in it 
is indeterminate. 

In order to give the input circuit à definite constant resis- 
tance, Mr. Arnold suggested shunting the filament and grid 
with a high resistance. This can be considered as the input 
resistance R;, of the amplifier. The input voltage is that de- 
veloped between the ends of this shunt resistance. 

If, now, e and е; represent the voltages established between 
the ends of the output and input resistances Ё and R; respectively, 
the power developed іп R and Ё, is T and а. . Hence the 
power amplification is 


which, with the help of (28), becomes 
и? R; R 
zr dep KT. 20 
1 (B+ Ro)? " 
The amplification is, therefore, a maximum when R is equal 
to R, 
The power developed in Ё is 
pe? Р 
ре _ 0 1 зыка 30 
(R+ Ro)? (30) 
from which it follows, as was to be expected, that the power 
in R is а maximum when the external output resistance R is 


equal to the output impedance R, of the tube. 
It is readily seen that the current amplification is given by 


ga Ped (31) 


from which it follows that the current amplification asymptoti- 
cally approaches zero as Ё is inereased, the maximum current 
amplification being obtained when R becomes infinitely small 
compared with R, 

Putting R=R, in (29) and R=0 in (31) and remembering 
that the slope of the curve giving the relation between plate 
current and grid voltage is given by 


S= к! (15) 

we get for the maximum power amplification 
ES ^ ۰ 5 (29a) 

and for the maximum current amplification | 
E'-R;-S. (31a) 


These equations show the important part played by the slope S 
of the curve giving the plate current as a function of the grid 
voltage. The factor S is equally important in the operation 
of tube as an oscillation generator and detector. The slope 
S is what was called by Hazeltine the “mutual conductance” 
of the tube." 


“The amplification equations are derived on the assumption that the 
external output circuit of the tube contains only pure resistance. When the 
circuit is reactive, as is common in practice, we can, to a first approximation, 
substitute the effective impedance for FR in the equations. Mathematical 
proof for this is given by J. К. Carson, PROCEEDINGS OF THE INSTITUTE OF 
RADIO ENGINEERS, volume 7, number 2, April, 1919. 

15 L. A. Hazeltine, PROCEEDINGS OF THE INSTITUTE OF RADIO ENGI- 
NEERS, volume 6, page 63, 1918. 
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It is seen here that this quantity can be expressed їп terms 
of the two most important and easily determined constants of 
the tube, namely, the amplification constant и, and the impe- 
dance Р. / 

While the amplification constant depends only upon the 
structure of the tube, the impedance, besides being a function 
of the structure, depends also upon the values of the applied 
voltages between filament and grid and filament and plate, 
as is readily seen from the above equation. If the impedance 
is determined as a function of the plate voltage, the grid voltage 
being, let us say, zero, a curve is obtained somewhat hke that 
shown in Figure 10. If now it is desired to operate the tube 


TUBE \МРЕОАМСЕ Re 


PLATE VOLTAGE E 


FIGURE 10 


with a definite plate voltage Eg and a grid voltage Е, other than 
zero, the impedance under these conditions can be obtained 
from such a curve by adding + и, E, to Eg and reading off the 
impedance from the curve at a value of the plate voltage equal 
to Esp, E.. 
In designing a tube, the structural parameters are so chosen 
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that the tube constants have definite values depending upon 
the purpose for which the tube is to be used. Suppose it is 
desired to design a two-stage amplifier set. Since the tube is a 
potential-operated device, the voltage impressed on the input 
of the tube must be made as high as possible, irrespective of 
the value of the current in the input circuit. This is usually 
done by stepping up the incoming voltage by means of a trans- 
former, the secondary of which is wound to have as high an 
impedance as possible. For the same reason when the output 
current of one tube is to be amplified by another, the first tube 
is made to work into an impedance or resistance which is large 
compared with its internal output impedance. Such an arrange- 
ment allows of a large voltage amplification being obtained from 
the first tube. This follows from equation (28) which also shows 
that when used as a voltage amplifier, the tube must have a 
large amplification constant ^, Referring to equation (26), 
however, it is seen that the larger », is, the smaller is the input 
voltage e that can be impressed on the tube without producing 
distortion, provided that Eg is fixed. When it is necessary to 
use a two- or three-stage amplifier set, the incoming voltage is 
generally so small that », for the first tube can be quite large 
and the plate voltage still not excessively high. But then the 
voltage impressed on the second tube is much larger than that 
impressed on the first, and the second tube must be so designed 
as to be capable of handling this voltage. If the first tube, for ex- 
ample, has an amplification constant equal to 40 and works into 
a resistance four times its own impedance, the voltage on the 
second tube is 32 times that impressed on the first. It is seen, 
therefore, that unless the plate voltage on the second tube be 
made very much higher than that on the first, the two tubes 
must have entirely different structural parameters, if equation 
(26) is to be satisfied in both cases. Such considerations show 
that unless the tubes be properly designed and the plate voltages 
correctly chosen to satisfy equation (26), there is a practical 
limit to the number of stages of amplification that can be used. 
If the limitations imposed by equation (26) are not taken regard 
of, the process of amplification can result in a considerable 
amount of distortion, which is a scrious matter when using the 
device for amplifying telephonic currents. When using it for 
telegraph purposes, such as the amplification of radio telegraph 
signals at the receiving station, the distortion produced results 
in a waste of energy in harmonics. 


VIII. EXPERIMENTAL VERIFICATION OF AMPLIFICATION 
EQUATIONS 
The circuit shown in Figure 11 is not of the type customarily 
used in practice, but was designed to test the equations devel- 
oped in the previous paragraph. This type of circuit was 
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FIGURE 11 


necessitated by the following reasons. Referring to equation 
(24), it is seen that if the input voltage e sin pt is zero, the cur- 
rent thru the tube is given by the first term of the equation, 
which is larger than the alternating current term. For finite 
values of esin pt, the resulting alternating current established 
in the output circuit, which is to be measured, can not be sep- 
arated in the usual way from this direct current with the help 
of appropriate inductances and capacities, since then the meas- 
ured amplification would be largely determined by the con- 
stants of the circuit. On the other hand, it is not possible to 
make the amplifier work simply into a straight non-inductive 
resistance alone, since the direct current that would flow thru 
the galvanometer is in most cases large compared with the out- 
put alternating current, so that a galvanometer which would 
be capable of carrying the direct current would not be sensitive 
enough to measure the output alternating current with any 
degree of accuracy. This was overcome by using a balancing 
circuit shown in Figure 11. R and R,’ are two non-inductive 
resistances stretched upon a board. Parallel to Rı was shunted! 
a sensitive alternating current galvanometer, G2, and a balancing, 
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of courte. given by К. The input was varel with tre һер 
of tte pe9ISALCOR т, and ors The whole sytem was carefully 
ег} and care жаз taken to avoid апу efecrs due to shunt 
and mutual capacity of the leads and resistances. The input 
votige was varied from a few hundredths of a volt to several 
vo.** and the frequeney from 200 to 350.000 cycles per second. 
Sore of the results are shown in the following figures. Figure 
12 -howa the output voltage that is, the voltage across the 
extemal resistance Ry as a function of the input voltage for а 
frequency of 1,000 evcles per second. The linear relation indi- 


FIGURE 12 


cates that the voltage amplification is independent of the input 
voltage; hence also the power amplification is independent of 
the input power. 

Figure 13 shows the results obtained when the voltage ampli- 
fication was measured as a function of the external resistance R. 
The circles show the observed values, while the curves were 
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calculated from equation (28). It is seen that the agreement is 
quite good. In this case the input voltage was 0.45 volt and the 
value of и, for this tube, as measured by the direct current 
method explained in paragraph V. was 10.2. 


FIGURE 13 
4,=10.2, input 0.45 volt 


In another experiment, the output power was determined 
as a function of the external resistance. According to equation 
(30) this should be a maximum when the external resistance R 
is equal to the impedance R, of the tube. In this case the input 
voltage e; was 3.55 volts, and и, = 10.2. The impedance of the 
tube was kept constant at 14,800 ohms. This was done by 
always adjusting the plate voltage so that when the external 
resistance was changed the current thru the tube was kept con- 
stant. From the results given in Figure 14 it is scen that the 
maximum occurs at R=15,000, which is very nearly equal to 
the impedance of the tube. This result is in accordance with 
equation (30). Furthermore, the maximum power computed 
from equation (30) is 22.2 107? watt, which is sufficiently close 
to the observed value, 23 107° watt, to verify equation (30). 
This equation does not give the maximum power that can be 
handled by the tube but merely the power developed in the 
external resistance R for a given value of the input voltage e;. 
The maximum power is obtained when the input voltage has the 
value given by equation (26). 
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The circuit shown in Figure 11 was used merely to test the equa- 
tion derived in this paper. It is not suitable for practical pur- 
poses where it is necessary to test a large number of tubes with the 
speed and facility called forin practice. If the tube is to be used 
as a voltage amplifier all that is necessary is a determination of 
the amplification constant »,. The actual voltage amplification 


FIGURE 14 


obtainable in any particular circuit can then be deduced from 
equation (28). When the tube is to be used as a power amplifier, 
a transmission test is used which is common in telephone prac- 
tice. If it is desired to operate the tube as power amplifier in 
a certain circuit, its amplification is tested in an equivalent 
circuit which is arranged so that a note of, sav, 800 cycles can 
be transmitted either straight to a telephone receiver or, by 
throwing a switch, to the receiver thru the tube and an artificial 
telephone line, the attenuation of which can be adjusted until 
the note heard in the receiver is of the same intensity for both 
positions of the switch. When this is the case the amplification 
given by the tube is equal to the attenuation produced by the 
line. The attenuation can be computed from the constants of 
the line and is usually expressed in terms of miles length of 
cable of specified constants. This method of measuring and 
expressing the amplification is convenient in practice. But it 
must be remembered that this notation has very little meaning 
and is apt to lead to confusion unless the constants of the cable 
are definitely specified or previously agreed upon. It simply 
means that the amplification is equivalent to the attenuation 
which would be produced by so many miles of a certain sort 
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of cable having a certain definite attenuation constant. Thus, 
the current amplification produced by the tube can be expressed 
in terms of length, d, of cable by the following equation: 


d= K logo 2- 
11 


where К is determined by the attenuation of that cable. When 
dealing with power amplification K must be divided by 2. If 
we adopt as standard the so-called “standard number 19 gauge 
cable” used by the Western Electric Company, the length, d, 
is expressed in miles when the constant, К, has the value 
K-21.13. The fact that this constant is already finding its way 
into common vacuum practice would suggest its general adop- 
tion when speaking of the amplification of a tube. On the other 
hand, since the unit of measurement is not a cable but a con- 
stant, it might have been more desirable to adopt for K the 
simple value 20, which would have simplified computations. 
However, the main point is that it is very important to have a 
common agreement on the value of K. 

The foregoing considerations show that the structural para- 
meters play a very important part in the operation of the tube. 
On them depend the constants и, and №, which appear in the 
amplification equations and which are involved explicitly and 
implicitly in the fundamental equation of the characteristic 
(equation 6). Proper structural design manifests many latent 
possibilities of this type of device, and enables us to meet the 
many conditions that must be complied with in order to obtain 
satisfactory operation in its ever-increasing number of applica- 
tions. By proper choice of the structural parameters, tubes have 
been designed to have voltage and power amplification cover- 
ing a wide range. A power amplification of 3,000-fold was found 
possible with a single tube using a plate voltage of only 100 volts. 
It is not difficult to obtain a.voltage amplification of several 
hundred fold, but in building tubes of such high voltage ampli- 
fication regard must be taken of the increase in impedance with 
increase in и, as shown by equations (12) and (13). 

Altho the simple theory of operation given in this paper 
applies specifically to the case in which the tube is used as an 
amplifier, it has also been of considerable help in designing 
and developing vacuum tube oscillation generators and de- 
tectors. The design of a good detector tube depends very 
much upon operating conditions. The detecting qualities of 
a tube can easily be increased by designing it to operate on 
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comparatively high voltages. This is sometimes desirable in 
radio stations where high voltages are available and it is desired 
to u-e the heterodyne method of reception. On the other hand, 
it is often important to use tubes of such design that they can 
operate: efficiently on low voltages and with small power con- 
sumption. In this connection it may be said that detectors 
have been de-igned to give satisfactory operation with two 
volts on the filament and а plate voltage of 6 volts and less. 
In the ab-ence of any satisfactory way of expressing the efficiency 
of a detector, it is unfortunately not posible to say just how 
good such a detector i; The problem of measuring the detect- 
ing efficiency will be reserved for a future paper. 

The indebtedness of the writer is due to Mr. E. Н. Colpitts 
and Mr. Н. D. Arnold for valuable advice and kind interest 
which greatly facilitated the work; and to Mr. H. W. Everitt 
for able assistance in carrying out the experiments. 

SUMMARY: The theory of operation of the three-electrode thermionic 
vacuum tube given in this paper is based on the fundamental equation of 


the family of characteristic curves for various plate and grid voltages. This 
equation, which may be written 


lE a ? 
1-4, YE,4 УЕ, + +) 


where E, and E. are the plate and grid voltages respectively, and а, A۸, and € 
are the structural parameters of the device, is obtained empirically wich the 
help of the relation previously discovered by the author, which states that 
the voltage between filament and plate bears a linear relation to the effec- 
tive voltage produced by it between the filament and a plane coincident with 
that of the grid. From this it follows that an electromotive force e impressed 
upon the grid circuit produces an electromotive force „е in the plate cir- 
cuit. With the help of these fundamental relations the amplification equa- 
tions of the tube are derived in terms of the structural parameters of the 
tube and the constants of the circuit. 

Methods are given for experimentally determining the constants of the 
tube, the two most important of which are the amplification constant 4, and 
the internal output impedance. 

Experiments are described which were performed to test these equations, 
and they indicate that the first order approximation made give results suf- 
ficiently accurate for amplification purposes. 
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THE OPERATIONAL CHARACTERISTICS OF THER- 
MIONIC AMPLIFIERS* 


By 
STUART BALLANTINE 


(RADIO ENGINEER, Navy DEPARTMENT) 
INTRODUCTION 


Remarkable strides have been made in the past few vears 
in connection with the definition and measurement of the opera- 
tional constants of three electrode vacuum tubes. This has 
given great impetus to the transition of the device from the 
domain of the scientist to that of the engineer, with the 
result that it is now possible to design intelligently vacuum 
tubes for quite a variety of purposes. With the definition 
of the tube constants well in mind, and with the aid of ap- 
propriate methods for measuring them, we may proceed to 
accumulate by careful research, data connecting the variation 
of physical dimensions with the constants so defined, which will 
serve adequately as a basis for later design work. For this 
purpose, a very interesting course of procedure would consist: 
in holding the plate-filament distance constant and varving the 
grid-filament space in small steps, plotting the constants against 
the latter distance as an independent variable with the plate- 
filament distance taken as a parameter. The information 
accruing from an investigation of this sort is of the greatest 
engineering value. Its accumulation has been made possible 
by the definitions and methods of measurement that have been 
developed by such workers as Hazeltine,! Langmuir, Miller,* 


* Received by the Editor, November 29, 1918. Presented before THE 
INSTITUTE OF RADIO ENGINEERS, New York, December 11, 1918. 

1 Hazeltine, L. A., “Oscillating Audion Circuits," PROCEEDINGS OF THE 
INSTITUTE OF RADIO ENGINEERS, volume 6, page 63, 1918. 

? Langmuir, I., “The Pure Electron Discharge and Its Applications in 
Radio Telegraphy and Telephony,” PROCEEDINGS OF THE INSTITUTE OF 
Клоо ENGINEERS, volume 3, number 3, page 261, 1915. 

? Miller, J. M., “А Dynamic Method for Determining the Characteristics 
of Three-Electrode Vacuum Tubes," PROCEEDINGS OF THE INSTITUTE OF 
КАшо ENGINEERS, volume б, page 141, 1918. 
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* Van der Fil H.J., The Theory and Operating Characterstics of the 
"регина Азарт, Proceevince ор THe INSTITUTE or Каро Ex- 
одзеле, volume T, number 2, April, 1919. 

t Vallauri, Profese G., sul Funzionariento dei tubi a vuoto a tre elle- 
rls andion, usati pella rdiotelegrafia," ""FE-tratto dal Giornale L Elettro- 
tecna, January 25, number 3, and February 5, number 4, 1917. 
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COEFFICIENT OF VOLTAGE AMPLIFICATION.—This very im- 
portant factor is an index of the relative effects on the plate 
current, of the grid and plate potentials. Specifically it is the 

. E 
ratio, 7. 
atio, Е, 
in the plate circuit 


In Langmuir’s equation for the thermionic current 


1,=A (E,+k Е,)?? (1) 


it occupies a prominent place, the k being used as a coefficient 
to the term E,, representing the grid or control potential. Dr. 
Н. J. van der Bijl? has represented the plate current by another 
expression, as follows: 


1„=а (YE, +E, +e)? (2) 


In this case, is the coefficient of his extremely useful con- 
ception of the “stray field" and it is obvious that its reciprocal 
is of the same nature as the k in Langmuir's equation. The 
value of the voltage amplification constant depends upon the 
geometry of the tube, increasing as the ratio of the plate-filament, 
grid-filament distances and inversely as the spacing between 
grid wires. It is also dependent, as will be shown later, upon 
the region of the characteristic surface in which operation takes 
place. This latter relation would seem to make the utilization 
of the term factor preferable to that of constant. The manner 
in which the definition of this factor may be deduced from 
Vallauri's equation has already been indicated by Miller. 

A method of measuring the amplification factor by means 
of direct currents is outlined in Dr. van der Bijl's paper; also 
a very useful method has been described by Dr. Miller.’ 


INTERNAL IuPEDANCE.— The value of the amplification con- 
stant being known, the hypothetical voltage operating in the 
plate circuit may be calculated as a function of the controlling 
potential on the grid. If there are no extraneous constants 
in the plate circuit, the plate current may be calculated by 
dividing this hypothetical emf. by a factor called the internal 
tmpedance of the tube. If in the plate circuit other constants 
are connected, the current may be calculated by the aid of a 
simplifying theorem suggested by Miller which reduces the plate 
circuit to a simple series circuit containing the plate resistance 
internal impedance, the added constants in the output circuit, 
and an operating emf. of value, Ep=# E,. This simplification 
is of great value since it places the design possibilities of the 
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vacuum tube circuit on an equal basis with other branches of 
electrical and radio engineering. It is at al umes desirable 
to design the circuit to fit the charactenstics of the tube to he 
used. 

The internal impedance is of the nature of а pure re-1- tance 
at low frequencies. At radio frequencies. the plate-to-f£iament 
capacity of the electrodes. partially subordinates the efect of 
the internal impedance by acting across it as a branch circuit. 
This is of particular moment in the de~ign of resistance-coupled 
amplifiers for short wave length ranges. Since the methods 
of measurement generally used in determining the magnitude 
of this factor are based upon audio frequency supply. It will 
not be necessary to take this into consideration at this ume. 

The measurement of the internal impedance has been cov- 
ered by the methods of van der Bijl amd Miller. The fir-t of 
these methods is based upon the fact that the mternal impedance 
15 the slope, T of the d. с. characteristic. It may. therefore, 

> 
le measured graphicailv from a plot of this relation. or by means 
of direct currents. Millers method is a dynamie опе. and 13 
swilter and more accurate. The equation for the computation 
of R, from the adjustments. however. involves the factor # in 
а very important place. which means that the precision obtain- 
able depends upon the measurement of д. This is unde- 
sirable, not only for this reason, but also because a direct meas- 
urement of R, only cannot be made without first determining 
the value of » by a separate balance. These objections are 
not of a serious nature, but are nevertheless to be considered in 
the selection of methods for an extended research on vacuum 
tube problems. 

The writer has employed a dynamice null method fer the 
measurement of the internal impedance. which partially over- 
comes the above objections and gives much better minima in 
the indicating telephones. The circuital arrangement of anpa- 
ratus is shown in Figure 1. 

This 15 virtually a Wheatstone bridge connection. The 
audio frequency alternating current is introduced at the ter- 
minals of the slide wire. R, Rs The resistance. R. may be made 
adjustable if desired and for maximum sensitiveness should 
be approximately equal to the internal impedance of the tube 
under measurement. The internal impedance of vacuum tubes 
may range from 5.000 to 500.000 ohms. and particularly at the 
higher values it may be advantageous to employ resistances 


132 


at R made by a spluttered film process. Specially wound 
Curtis coils may also be used and may be depended upon to 
be practically free from inductance. This matter becomes of 
importance only for the higher audio frequencies. The method 
of indicating the null point is of interest. In the writer's set-up 


FIGURE 1 


a small resistance of known value was inserted in the balance 
lead, the drop of potential being amplified by a two-stage vacuum 
tube system. It was found that this arrangement gave audi- 
bilities equal to those obtained with telephones inserted directly 
into the circuit, and possessed the additional advantage of re- 
ducing the extraneous inductance and resistance in the circuit to a 
minimum. The effect of the telephones in the measurements 
to be described was of the order of several per cent; for this 
reason the complication seems Justified. 

The theory of the arrangement shown is very simple. The 
alternating voltage, E, operating across the terminals of the 
slide wire, causes two branch currents to flow, J, and I; as marked 
in the figure. For the condition of silence in the telephones, 
e and the current in the balance circuit containing the indicating 
apparatus must be zero. This means that: 


RoIl,=RI_ (3) 
but 


E E 
E, € 4 
A= Врв, " hg VR (4) 


Substituting into (3) gives: 


R: R 
: = 5 
Rith: RFR (5) 
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from which 


mE ЁК, 
о Б, (4) 


The computation of the internal impedance, R., from this rela- 
tion is very simple and involves nothing but the ratio and 
2 
the resistance, R. The main advantage, as mentioned above, 
of this method is the ability to obtain perfect null points. With 
ordinary care in the distribution of conductors it is readily 
possible to obtain balance points of a degree of ambiguity not 
exceeding 0.2 of one per cent. The measurement under these 
conditions becomes a matter of some precision. 

MUTUAL CoNDUCTANCE.— The ratio between the plate cur- 
rent and the corresponding grid or control potential is of great 
importance in determining the figure of merit of the device as 
an amplifier and oscillation generator. As pointed out by 
Hazeltine, it is of the dimensions of a conductance, and was 
therefore termed the mutual conductance, and represented by the 
symbolg. It seems to the present writer that the use of a symbol 
of this sort, having general engineering utility is undesirable and 
leads to confusion, and suggests the use of the Greek letter 
"rho" (p) for this purpose. The mutual conductance is evi- 
dently related to the other tube constants just defined by the 
expression: 


p= т (5) 


апа may, therefore, be computed from a knowledge of the fac- 
tors involved. It is the slope of the ''static" characteristic of 
the tube, plotted on the basis of I, versus E, (plate current 
versus control potential). It may be evaluated graphically by 
taking the slope of the tangent at any point on this curve. Since 
this method is laborious and may easily lead to considerable 
error, i& may be better to measure the amplification constant 
and internal impedance separately and compute the value of p 
from the relation (5) above. While this is the better of the two 
methods available, it is still an indirect one, and it is regrettable 
that the measurement of this most important tube constant 
should be accompanied by so much labor. 

The writer has developed a dynamic method for measur- 
ing р which retains the recognized advantages of null meth- 
ods and possesses the additional one of giving the value 
of the mutual conductance directly. The method becomes 
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particularly simple if the slide wire, R, is calibrated directly in 
terms of the mutual conductance represented. 


DYNAMIC METHOD FOR THE DETERMINATION OF THE MUTUAL 
CONDUCTANCE 


The circuital arrangement of apparatus is shown in Figure 2. 


FIGURE 2 


The alternating current for the measurement is supplied to 
the slide wire, R thru the primary, P,, of the transformer. This 
may be of any frequency and may be supplied from an alternator, 
vacuum tube or buzzer source of the type shown in the figure. 
If the buzzer arrangement is employed, it is usually necessary 
to shunt the contacts with a large condenser in order to suppress 
undesirable harmonics tending to distort the secondary current 
from the true sine form. The leads to the apparatus from the 
generator should also be covered with metal sheathing and 
thoroly grounded, and also arranged so that the induction into 
the grid circuit will be at a minimum. The core of the trans- 
former and the filament circuit of the tube are inter-connected 
and grounded in order to minimize residual sound at the balance 
point. 

In the circuit shown, the input and output circuits of the 
tube are coupled by means of the toroidal core transformer, 
P, Р» S, to a tertiary circuit containing the indicating apparatus. 
The theory of the arrangement is very simple. 
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If the leakage in the transformer is negligible, as will be the 
case if the core is a torus of the form shown in Figure 2, the 
induction into the tertiary circuit from the grid circuit primary 
will be: 

E'-ktI (6) 


where k is a constant of little interest. Similarly from the plate 
circuit we have the induction: 

E"-k b - (7) 
` If now, the windings are so connected that the two emfs. аге 
vectorially opposed, the resulting emf. operating in the circuit 
will be: 

E' - E" =k (Iti. —I,) (8) 
The indication being taken as the condition of silence in the 
telephones (or amplifier) connected in this circuit, this state 
of affairs leads to: 

I = I, b (9) 
The value of the plate current depends upon the grid voltage 
as indicated by the relation, I, =p E,, and 


I,-pE,-pRI (10) 
so that 
t=p Rt (11) 
and finally 
a 
LR (12) 


which defines the value of the mutual conductance, P, in terms 
of the resistance, R, across the grid circuit. For practical 
reasons, it 18 well to keep the value of R required for normal 
measurements, at a low value of the order of 100-1,000 ohms. 
This matter may be adjusted nicely by selecting а suitable 
ratio 4, 6, such as, for instance, 10:500. If the ratio is kept 
at а constant value, the relation becomes very simple. permitting 
the calibration of the slide wire, №, directly in terms of р. The 
method then becomes both swift and accurate and should be 
particularly useful in connection with acceptance tests of vacuum 
tubes intended for use as amplifiers and oscillators where a high 
value of P is desirable. The latitude of tolerance may be marked 
directly upon the slide wire thus reducing the mental labor of 
such tests considerably. The whole matter then becomes a 
mechanical proposition, and may be safely intrusted to inex- 
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perienced operators. Measurements on certain tubes by this 
method will be described in a later paragraph. 


DETECTOR CoNSTANTS.—In addition to its use as an amplifier 
and oscillator, the vacuum tube has a distinct field of utility as 
a detector of radio frequency oscillations. When used for this 
purpose, two methods of operation are possible: (a) without 
grid condenser but with biasing battery in the grid-filament 
circuit, and (b) with grid condenser. The phenomena attending 
the latter mode of functioning have been well described in the 
classic paper by Armstrong’ as well as in numerous other publi- 
cations. 

In general, when the grid condenser is omitted, operation 
takes place upon a region on the characteristic surface 

I, =¢ (Е, Е ») 

which is curved or bent, the indication in the telephones being 
the result of a variation in the mean value of the plate current 
due to the superposition of the radio frequency oscillations. 
Two regions of operation are possible, as shown by the static 
characteristic curves of Figure 5. It will be observed that the 
second derivative of J, with respect to E, which determines 
the curvature, becomes appreciable at two points. One of 
these represents saturation and involves considerable space 
current, the other occurs when the curve is leaving the axis, 
I,=0. The latter region is usually the best operating point 
on account of greater curvature. 

The curvature of the static characteristic curve at either 
of these points is a direct index of the detecting merit of the 
tube. The truth of this proposition may be readily established 
as follows: 

Assume that the curve shown in Figure 3 represents the plate 
current as a function of the grid or controlling potential, this 
being the graph of some function: 

I p = (E,) (13) 
The operation is to be performed around some point on this 
curve, such as E, marked in the figure. An increment equal 
to Ae, is given the control potential, followed by an equal one 
of opposite sign. We have then: 
1+ А, I =¢ (E, +4 eg) (14) 
T,—A2T,=¢ (E, -^ ey) 

6 PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, volume 3, num- 
ber 3, September, 1915. 
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The response in the telephones is proportional to the vanation 
of the mean value of the change in plate current. or 
à 1, — MI, 
2 


(15) 


а. 
m = == 
IA 1 
wifi ^ 
(==) a mu 
Cii 
kat, 
Е 
FIGURE 3 


from the steady state value, I,. For a given stimulus, Ае, 
the rectification index is: 
AiI,—A.I 
Жу (16) 
23E, 
or is proportional to the difference in the slopes of the curve 
at the points corresponding to the constraints of operation. 
The function being continuous, assuming the increments to be 
infinitesimal and going to the limit this ratio becomes: 


D=-_? (17) 


or for small variations of E, the rectification depends upon the 
second derivative of the plate current with respect to the grid 
potential. This, it will be remembered, is also the derivative 
of the mutual conductance with respect to E,. The value of 
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this differential is fundamental in determining the merit of the 
device as a detector without grid condenser, and may be called 
the detector constant without grid condenser, and denoted by the 
symbol, D. It may be readily determined graphically from 
the curve of mutual conductance as a function of the controlling 
potential, or computed from measurements of the internal 
impedance and amplification constant at two points as close 
together as possible. These methods are open to the objection 
of being indirect, but a suitable direct method does not seem 
to be available. 


(b) OPERATION WITH GRID CONDENSER.—As is well known, 
operation of the tube with a series condenser in the grid circuit 
involves the rectification of the impressed oscillating emfeon the 
grid to produce a charging current thru the condenser which 
i$ uni-directional and hence charges the grid condenser con- 
tinuously to produce an increasing negative potential on the grid. 
The radio frequent voltage is super-imposed upon the changing 
mean potential of the grid, and the point of operation instead of 
remaining fixed upon the static characteristic curve, slides down 
along the curve and produces a variation of the mean plate 
current upon which is superposed the radio frequent changes. 
On this basic theory we are obviously interested in two changes; 
first, the rectification in the grid circuit, and second, upon the 


slope of the z curve. A definition of the merit of the tube 
g 


used in this manner must contain both of these factors. The 
first effect, in the light of the previous discussion, we may ex- 
pect to be dependent upon the second derivative of the grid 
current-grid potential curve. The second is obviously deter- 
mined by the value of p. Superimposing these effects, an appro- 
priate definition of the detecting action would seem to be: 


Ce p? _ g (18) 


In some tubes, the region of maximum curvature in the grid 
current-voltage curve may correspond to working points involv- 
ing finite positive values of grid potential, in which case it is 
desirable to use a ''grid-leak" resistance in order to place the 
starting point at the proper place on the characteristic curve. 
This does not effect the definition, however, and is of very little 
interest here. It is also to be noted that as the oscillation per- 
sists and the charging of the grid condenser continues, the 
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region of operation shifts, producing simultaneously a change 
in the curvature of the E curve so that the above definition 
2 
cannot be regarded as complete except when the stimulus is 
weak and of short duration or a grid leak is used and the equation 
of the grid current as a function of the impressed grid emf. may 
be placed in constant exponential form. Otherwise, the rectifi- 
cation is no longer a function of the curvature of the character- 
istic alone, but also depends upon the magnitude of the initial 
oscillatory pulse. In short, the precise nature of the phenomena 
attending the operation with the grid condenser being complex 
and imperfectly understood it may be well to bear in mind the 
possibility of discounting the value of the above definition. Its 
main value lies, however, in its usefulness in indicating the gen- 
eral possibilities of the tube as a detector used in this connection. 
The value of the detecting constant with grid condenser, 
denoted by the symbol (с) may be determined by the aid of 
a dvnamie method similar to that used for the measurement 
of the internal impedance. The circuital arrangement is shown 
in Figure 4. 


FIGCRE 4 


For the condition of silence, as in the previous case, we have 
for the effective resistance of the grid circuit of the tube: 


R= Č ° (19) 


The reciprocal of this quantity, represents a conductance and 
determines the slope of the grid current-voltage curve. If two 
measurements are made at points not widelv separated, of the 
reciprocal tg}, substitution in the expression: 


ГА م‎ vy / 
(9 n` pr r , TH (2 
e; —t, Р, Б'є ey) 
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yields an approximate value of the second derivative, which 
when multiplied by the value of p corresponding to the mean 
value of the grid potential taken in the preceding measurements, 
will give the approximate experimental value of the detecting 
constant. The value obtained in this manner, while not theoreti- 
cally accurate, is nevertheless of more value from a practical 
viewpoint since operation never takes place over a region which 
is theoretically infinitesimal. The method is perfectly simple 
and straightforward, but for the reasons cited above, the value 
of the result as a final index of the operation is questionable. 


EXPERIMENTAL INVESTIGATION OF THE GENERAL RELATION 
BETWEEN TUBE PARAMETERS 


The summarization of definitions and methods of measure- 
ment contained in the preceding paragraphs may be advan- 
tageously applied to an investigation of the general character 
of the relations between the constants of vacuum tubes. In the 
following paragraphs will be reproduced some curves which 
have been experimentally obtained with the methods described 
above and which have been made upon a typical, widely used 
form of thermionic amplifier. Dr. Miller in illustrating the use 
of his methods, has already published some curves connecting 
the amplification coefficient and internal impedance with the 
plate voltage. The use of this independent. variable gives a 
result, however, which is only a very small part of the whole 
story. Information of much greater value may be obtained 
by plotting the variation of the tube parameters in parallel with 
the static characteristic, or against E, taken as the independent 
variable with E, as parameter. A complete investigation for 
a given tube would involve the repetition of this process for 
various values of filament temperature. This introduces a 
total of three independent variables and involves considerable 
experimental labor, but this would be compensated for by the 
completeness of the study and fertility in deductions made 
possible. A complete and logical research might be planned 
upon this course of procedure with each tube, by varying the 
geometry of the electrode system, that is to say, by varying 
the grid-filament spacing with plate-filament spacing being re- 
garded asa parameter. It is unnecessary to observe that a com- 
plete investigation undertaken along these lines, while involving 
considerable time and expcrimental labor, would permit of a 
correlation of structural methods and results which would be 
of the greatest value in the future design of vacuum tubes. 
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In thee figure, two of the grid currents have been represented 
by the dotted curves, The free grid potentials or the potential 
which muet be applied to the grid in order that the plate current 
may have n value identical with that which is obtained when the 
prid ia» disconnected, are represented by the dashed curve marked 
Coens of free grid potentials.” This is a matter of secondary 
erent, but i sometimes helpful in making deductions con- 
eeining the operation of the tube. 

Fhe nimphfieation coefficients were measured with the same 
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The salient feature of these curves lies in the fact that Che 
amplification factor is not constant, as has been intimated from 
measurements with direct currents by Dr. van der Bijl, hut 
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depends greatly upon the grid potential in the region in which 
operation takes place. The falling off for positive values of 
grid potential and smaller plate voltages is particularly notice- 
able. The reason for this is not apparent, a priori, from the 
theory, since the relation between the effects of stray field and 
the grid potential would seem to be constant and independent 
of any value that the grid potential might assume. However, 
the equation upon which the theory rests represents conditions 
only within limited constraints on the characteristic surface, 
particularly in the region where the plate current is small and 
the grid potential is negative or near zero. After the point of 
inflection on the curve 1s passed, the expressions of Langmuir 
and van der Bijl are not even correct in form, so that a wide 
discrepancy between theory and the results is not seriously 
disturbing. The following explanation of the effect in ques- 
tion has suggested itself to the writer. 

If the exact exponential variation of the plate current with 
respect to the inter-electrodic forces is assumed to be arbitrary, 
and the concept of the relative effects of the plate and grid 
potentials only is retained, we may represent the plate current 
as some function of these forces as follows: 


I =f (E,++E,) (21) 


The only matter of interest in this connection is the relative 
effects upon the plate current, of the grid and plate forces, since 
this determines the amplification of voltage in the tube. As- 
sume that the distribution of forces and scalar potentials may be 
approximately represented by the diagram of Figure 7. 

In this figure the inter-electrodic distances are represented 
by the abscissas, the ordinates representing the value of the 
scalar potentials, V. F is the emitting surface, and the dashed 
line represents the grid electrode. The positive potential is 
applied to the plate (P in the figure) and when the tube is cold 
the sealar potential may be represented by the straight line AB. 
In this case the grid is not connected. When the grid is con- 
nected (the practical case) the only field existing at G is that 
due to the plate potential aeting thru the grid wires as pointed 
out by Dr. van der Bijl. This he has very appropriately termed 
the stray field. It is represented in the figure by the dotted 
line Ab. When the tube is hot and the surface F is emitting 
electrons, AB and Ab become roughly, as shown in the figure, 
the curves marked AB’ and Ab’, respectively. The curvature 
is due to the effect of the electronic atmosphere, which consti- 
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tutes a negative cloud. At the operating filament temperature 
the slope of the curve at the filament is finite and the satura- 
tion effect of the space charge is not reached when the grid 
is disconnected. When the grid is connected, however, space 
charge saturation between grid and filament is undoubtedly 
attained and the slope of this curve at the emitting surface 
is zero. The emission velocities at the surface of the filament 
are ignored as being inappreciable at a temperature of 1,800 
degrees Kelvin, the point of operation. ‘The reason for the 
slope of the potential function attaining a zero value when the 
emission is copious has been well brought out by Richardson, 
with the aid of Poisson’s equation. This is the initinl «tute of 
affairs when the grid potential is zero. When a positive poten- 
tial is placed upon the grid, the potential curves probably nestime 
the general form shown in the figure by the dot and dash curves, 
In this case the vector potential, V · V, the force acting upon the 
1 Richardson, О. W., “The Emission of Electricity from Hot. Bodies," 
Longmans, Green and Co., London, 1910. 
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electron is greater in the region between the grid and filament 
than in the plate-grid space, this increasing as the plate poten- 
tial is decreased. There being now, more electrons in the plate 
grid space than before, the effect of space charge is beginning 
to be felt and the curve in this region sags slightly as shown. 
The force tending to overcome this condition is that due to the 
plate and for small plate voltages it seems readily possible for 
the slope of the potential curve at the grid to be zero. This 
means, of course, that there is no force operating upon the 
clectron. The plate contributes nothing. This effect disap- 
pears at higher values of plate potential and the curve straightens 
out. 

From the above statement of the condition of affairs in the 
inter-electrodic space, it would appear that when the potential 
on the grid is in the neighborhood of zero, and the grid-filament 
is enjoving the effects of space charge, the field intensity be- 
tween plate and filament being high enough to attract strongly 
any electrons that manage to escape the congestion, we may 
expect the grid potential to have a greater effect upon the elec- 
tronic flow than that of the plate. This carries with it the idea 
of a large value of » from the relation (21) above. Also when 
the grid potential becomes positive with respect to the filament, 
the space charge effect mentioned is broken up and the con- 
duction is increased. This is accompanied by a shift of the space 
charge from the filament-grid region to the plate-grid region, 
and, as noted above, the curve between the plate and grid 
electrodes sags to correspond. In this case there are plenty 
of electrons available at the grid plane, but the reactive force 
is the space charge. A slight increment in the plate force re- 
sults in a partial neutralization of this effect by taking some of 
the electrons out of the space, so that now the plate potential 
becomes the predominating force since any increase in grid 
potential will obviously only increase the tendency to space 
charge. This results, of course, in a lower value of и, which 


effect Increases as the ratio a decreases. The gist of the 
р 

whole matter is that the space charge, with its accompanying 
saturation, shifts from one region to the other and changes to 
correspond, the relative effects of the grid and plate potentials 
and thus the value of и. 

The variation in the internal impedance is well shown by 
the curves of Figure 8. 

The measurements represented were made with the aid of the 
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bridge arrangement described in this paper, the minima obtained 
with Millers method being ill de&ned. The results are homo- 
genous and very satisfactory. The salient feature of the curves 
is that the resistance of the tube undergoes extreme variation, 
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the minima representing roughly the points of inflection on the 
static characteristic curves. 

The factor of prime importance in connection with the use 
of the tube as an amplifier or oscillator is the mutual conductance. 
This may be computed from the values of » and №, measured 
above from the relation (5) or it may be directly determined by 
the writer's method previously described. In Figure 9, the solid 
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curves represent the results of computation from the amplifica- 
tion constant and the internal resistance, while the observed 
points, using the method in question, are represented by 
the small circles. The agreement between the two meth- 
ods seems to be satisfactory and the results are very interest- 
ing. 
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It will be noted that none of the maxima are very broad which 
shows that amplification at these points will be accompanied 
by distortion if an extended operating region is involved. Also 
when using the tube for amplification purposes in connection 
with radio receiving, the point of operation should be carefully 
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selected by means of a biasing potential of suitable value applied 
to the grid. In selecting the operating region for this purpose, 
other considerations are pertinent. For instance, the maxima 
are not equally desirable since their magnitudes are different, 
hence the optimum value of plate potential should also be selected. 
This should also be preferably situated on the left hand side of 
the zero center line, so that the grid or input circuit offers no 
conductance when connected across the terminals of the condenser 
or the output circuit of the preceding tube. Having determined 
by intelligent methods upon the proper point for the operation 
of the tube, we may now proceed to design the connecting link 
between the tubes which will introduce the optimum impedance 
into the output circuit and give the maximum voltage output 
across the input circuit of the next tube. In this very practical 
matter, we are aided considerably by a knowledge of the internal 
resistance of the tube. The design of amplifiers is a matter of 
some engineering importance and will be considered at length 
in another paper. 

The detecting constant, D, for operation without grid con- 
denser may be evaluated by taking the slope of the tangent to 
the Р curve at any point. This is not an entirely accurate pro- 
cedure but is the best method at present available. The results 
of this method applied to the tube used in this work are repre- 
sented in Figure 10. 

The truth of the belief that the better operating point cor- 
responds to low values of plate current is well brought out by 
these curves. Also it will be noted that low plate voltages are 
favorable to such operation. From the point of view of plate 
battery economy this is an important point. In general tubes ` 
operate better as detectors with grid condensers, and in spena 
cases, with grid-leak resistances in addition. 

The statement just made concerning the operation of the 
tube with grid condenser emphasizes the importance of study- 
ing detector constants under these conditions. This is some- 
what of a tedious process but the results are interesting. The 
Wheatstone bridge arrangement described may be used to 
measure the effective resistance of the grid filament circuit at 
various grid potentials. The reciprocal of this quantity is the 
grid conductance, 22. In Figure 11 this conductance has 

0 
been plotted against positive values of grid potential. 

There is no conduction for negative values of E, if the emis- 

sion is pure (that is, there is no positive emission) and the tube 
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has been well evacuated, so that negative values of E, have no 
interest. The slope of the conductance curve is evidently the 
second derivative of the grid current function with respect to 
the applied potential. 'This is one of the quantities entering 
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into the definition of the detecting constant with grid condenser. 
The dashed curves.in Figure 11, represent the magnitude of 
the second derivative and have been derived from the conduc- 
tance curves by taking the tangent at various points. It is 
interesting to note that the larger values correspond to the 
lower plate potentials. The complete definition of the detecting 
factor involves in addition to the grid rectification index, the 
slope of the E curve, or р. The curves in Figure 12 repre- 
g 

sent the addition of this factor and exhibit completely the de- 
tecting action of the tube. 

Several practical deductions may be immediately made from 
these results. In the first place, when the tube is to be em- 
ployed as a detector (with grid condenser), a grid leak is desirable, 
especially when strong signals are to be impressed upon the 
system. This leak resistance should be placed between the 
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grid and the positive leg of the filament and should have a value 
necessary to place the starting point of the grid potential at a 
point on or above the maxima on the curves in Figure 12. A 
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plate voltage of 20 or possibly less (this point not having been 
investigated) should be used, since this gives the greatest value 
of с. In the case of weak signals, whether or not a grid leak 
should be employed is problematic, since theoretically when the 
grid current-voltage curve intersects the axis, 7, =0 the curvature 
is infinite, and a singular point condition is obtained. The de- 
tecting factor is then infinite also, and the rectification is perfect. 
This will only be the case for very weak signals and for general 
purposes, it may be well to sacrifice if necessary, the response 
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for weak signals to gain efficiency on the stronger signals by em- 
ploying a grid leak resistance. In the region between the zero 
grid voltage and the voltage corresponding to maximum values 
of 7, the change in 7 is great. Similarly after the maxima have 
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been passed, but in this case, the irregularity is not serious since 
the grid potential will shift to the negative when the charging 
starts, passing thru the maximum value and being augmented 
in the process. As a matter of fact, this consideration leads to 
the question as to whether or not it may be advantageous, in 
order to cover all possibilities in the matter of signal strength, 
deliberately to place the initial working point upon positive 
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values of E, beyond the maxima. Just how far this may be 
carried out without sacrificing to too great an extent, the re- 
sponse on small stimuli, will be largely a matter of experiment. 


Philadelphia, Pennsylvania, 
November 24, 1918. 


SUMMARY: After giving the definitions of various tube constants for am- 
plification and detection and the methods of measuring them, the author dis- 
cusses certain special questions. 

Among these are grid condensers and grid condenser leaks, and the 
variation of the various tube parameters with tube construction and operating 
conditions. 


ADDENDUM I* 


In the paper a method for measuring the mutual con- 
ductance was described which involved the use of a toroidal 
core balancing transformer. Since this was written an alter- 
native arrangement has been devised which may be used for 
this purpose with equal success, and which does not require 
the special transformer of the original arrangement. This 
method should therefore be more popular with those who do 
not care to undertake the somewhat tedious task of construct- 
ing a transformer with a winding of five hundred turns on an 
iron torus. 


The circuital arrangement is shown in Figure A: 


AMPLIFIER 
FIGURE A 


* Received by the Editor, January 15, 1919. 
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Here, as will be noted, the transformer primaries, P, Ps have 
been replaced by the resistances, Р, and Re. The large resistance 
R’ has been inserted into the supply circuit in order that the main 
current may not be greatly affected by the variation of R, in 
series. The resistance Rz is variable and a part of the plate 
circuit, however, but being of the order of from 70 to 100 ohms 
with a possible variation of 30 ohms, its effect on the mutual 
conductance is quite ignorable. The resistance, R, across which 
the grid is connected is fixed at about 1,000 ohms, this value 
being chosen for the simplification of numerical computations 
of p from the settings. 

The position of the sliding contact, S, is found for which the 
emf. across the terminals of the slide wire is zero and there is no 
indication in the telephones connected to the amplifier system. 
In order that this condition may be attained the emf. across 
the resistance R: must be equal in magnitude and opposite in 
sign to that across R;. The proper phase relationship is pro- 
vided by the mode of connection. The satisfaction of the other 
condition may be identified with the expression: 


I R;-I,R, (a) 
But, by definition, 
I,-pE,-PRI (b) 
which, substituted in (a), leads to 
I Rı=p RI R: (с) 
апа | 
1 А, 
petu d 
P=" р. (d) 
Also, since R is purposely set at 1,000 ohms, we have finally 
p=.001 x amps/ volt (e) 
2 


which is a very simple relation and therefore one particularly 
suited to the rapid execution of a large number of measurements. 

The terminals of the slide wire, №, №, are connected to the 
first tube of an audio frequency vacuum tube amplifier in the 
manner shown. It is rather important that the biasing battery, 
С, be connected in series with the grid circuit in order that the 
resistance of this circuit shall be infinite and there will be no 
tendency for the currents in the slide wire to flow thru the grid 
circuit, which would happen if the grid were allowed to assume 
а positive potential at the operating point. Under these condi- 
tions, if care has been taken in the arrangement of the wiring, 
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the minima will be well defined. The resistance of the slide 
wire may well be of the order of 100 ohms so that the potential 
drops may be greater and a better indication may be had with 
a minimum of amplification. In the writer’s set-up this slide 
wire consisted of the slide wire portion of the ''Student's Po- 
tentiometer" manufactured by the Leeds-Northrup Company, 
which had a total resistance of 116 ohms, and which proved to 
be very well suited to the work having a scale graduated in 0.5 
divisions from 0 to 100. 


ADDENDUM IIt 


As an illustration of the great ease and simplicity with which 
problems relating to vacuum tube circuits may be handled with 
the aid of the fundamental plate circuit theorem and the con- 
ceptions of the voltage amplification factor and internal impe- 
dance, we may profitably consider the oscillation circuit depicted 
in Figure B, which has previously been treated by Hazeltine.! 


This circuit is extensively used for receiving purposes in con- 
nection with the autodyne method of reception of continuous 
wave signals. It also enjoys extensive application in trans- 
mitting, but when used for this purpose, the entire characteristic 
curve is utilized, and the grid potential may vary over widely 
separated limits rendering the rigorous analysis of the operation 
difficult, if not impossible. In order to construct the differential 
equations for the potentials, it would be necessary first to form- 
ulate the dependence of the amplification factor and internal 

f Received by the Editor, January 15, 1919. 

! Hazeltine, previous citation, page 79. 
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‘Impedance upon the instantaneous value of the grid potential, 
е. This could be done, possibly, with the aid of empirical 
expressions covering the variation of # and R,as experimentally 
determined, but it is doubtful if a simple integration of the 
equations so formed could be effected. For this reason and for 
the sake also of simplicity, in the present discussion it will be 
assumed that operation involves only a very small part of the 
characteristic surface, and that in the region considered the 
values of и, and R, are fixed. This is not so bold an approxima- 
tion as it would at first seem, since the most favorable part of 
the static characteristic curve is at the point of inflection and 
in this region the amplification factor and internal impedance are 
practically constant. This is shown by the experimental curves 
displayed in the paper. After the oscillation has started, of 
course, the operating region expands until the slope of the curve 
decreases below the minimum possible value of p determined by 
the coefficients of the circuit. The problem consists in formulat- 
ing the relation between the tube parameters and the circuital 
coefficients which will render sustained oscillation of the system 
possible. As mentioned above, this matter has been discussed 
by Hazeltine in a very valuable paper covering various types 
of oscillation circuits. In his discussion, the assumption is 
made that the plate current is a simple function of the grid 
voltage, the relation being 7,=Pe,. Апу reaction existing be- 
tween the two circuits is thereby not considered, a result being 
obtained, which, while very simple and useful, cannot be re- 
garded as a complete definition of the criterion for the oscillation 
in actual systems. The following mode of treatment is more 
fundamental and the effect of reaction is completely deter- 
mined. 

Referring to Figure B, the circuital constants are denoted 
by the conventional symbols, the internal impedance of the plate 
circuit being inserted in series with the inductance, L4 and an 
emf. of value ue, in accordance with the usual method of con- 
sidering the plate circuit. The equations for the potentials 
may be constructed as follows: 


di x4 К di, _ 
n enis {з di+M ^r =0 (1) 
di di [. | 
p ) === — ° d= 
| Іа +R, ip $M "E dt=0 (2) 
uf. 
= = — “4 . 
since ж, JL 
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We are interested primarily in the variable, 7, representing the 
current in the oscillatory circuit L,C, which may be isolated by 
solving (1) for ыл 
After multiplying thru by (—М), differentiating twice with 
respect to {, and SI ES we have: 


and substituting the value found in (2). 


dt 
R 


۳ t=0 (3) 


which may be ae in the more convenient form: 
PI or 7: Рут +0=0 (4) 


This is a linear differential equation of a familiar type with 
constant coefficients in the operating region considered of the 
form: 


в 1л RL 
Lı La a 
R, RC+L.-«M 
= тас (5) 
a Ro 
' LiLaC 


where « is the coefficient of leakage of dimensions, 1—k?, and 
depends upon the coupling between the grid and plate circuits. 
Proceeding as usual with an assumed integral of the form: 


i= Ae (6) 
substitution in (4) yields the cubic auxiliary: 
+B a? +¥au+0=0 (7) 
to be solved for the a’s. The complete solution is: 
= А Bg e (8) 


where A, B, and С are constants of integration to be evaluated, 
when amplitudes are of interest, from a knowledge of the initial 
configuration of the system. The solution of the cubie may 
be effected by Ferreo's method, but the expanded result being 
practically unmanageable, this method of attack may well be 
abandoned. We тау obtain some light on the probable nature 
of the roots by considering the physical phenomena. In order 
that these may be real and periodic, as expected, it will be neces- 
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sary for one of the roots to be real and the others complex. On 
this basis, we may write: 
a =a 
а=А+јо (9) 
а= А —јо 
А fundamental theorem іп the theory of equations permits us 
to write also: 


а|+а,+а,=—В 
a dg Fa, ag +a a; = ¥ (10) 
a; аза = —G 


which applied to the present case establishes the relations: 


RL.+R,L, 

x IO Re жаы ie ы 

E һа y 
RR,C-Ha—&AM . 

AltA LA 

28а i L dra (12) 

— ay (A? + о?) = - К, (13) 
Li La C 


To approximate the roots of (7) we will resort to a very useful 
artifice employed by Dr. Fulton Cutting? in connection with 
his excellent treatment of the transient phenomena in radio 
transformer circuits, which consists essentially in taking the 
ratio of the equations (12) and (13) 
1 2 Aa RR,C--a4—»M 
т! 228.) Ro (14) 
thus obtaining a factor in the left hand member which is quite 
ignorable in comparison with unity. This is particularly per- 
missible in the present case since, at the radio frequencies we 
are dealing with, о is large compared with the damping. Pro- 
ceeding with this we obtain: 

R 


ТА RR, CHL:n M (15) 
and from the relation (11) the more important damping term: 
R, ` RL:+R, Li 


ASRR C+a-uM) 2L, Lau (16) 
which are excellent approximations. The general solution may 
be written in the form: 

= А ер (В е" 4C e) (17) 
` *Fulton Cutting, PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, 
volume 4, page 160, 1916. 
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Physically, the first term in the above solution is of the nature 
of a transient and disappears when the oscillations have reached 
their equilibrium state. The second term is of particular in- 
terest since it represents the periodic phenomena under investi- 
gation. In order that the oscillations may be continuous and 
self sustained, it is necessary that the effective damping of the 
circuit, represented by A, shall be zero. The satisfaction of 
this condition leads to: 

R, = E L5-- k,l, (18) 

R R,C 4-La— 5. M Libra, 


as an expression relating the coefficients of the circuit and the 
parameters of the tube for the condition of sustained oscilla- 
tion. This may be solved for p giving: 


b». RC, їл Mla — 
ОК, M FHR M (R L+ RoLa) (19) 


It is interesting to note that when the plate circuit inductance 
La is ignored, and the induction effect into the grid circuit being 
retained thru the concept of a fictitious mutual inductance, 
this degenerates into: 

_CR 
P= 

which is Hazeltine’s result. 
In most practical circuits, the. term RL, may be ignored in 
comparison to R,L; so that equation (19) may be simplified to: 


.CR, M 
M LR (21) 
A graphical representation of this expression is shown in 


Figure C. In constructing this curve the following circuital 
constants were assumed: 


(20) 


І, =60 ah. 
L2=180 ph. 

C =0.0002 +f. 
R=20 0 
R,=15,000 2 


The component curves are shown by dashed lines, their dimen- 
sions being designated. The hyperbola is identical with the 
result obtained by Hazeltine, while the straight part increasing 
with M represents the effect of the reaction between the cir- 
cuits. It is evident, from physical considerations, that an 
optimum value of M exists which is most favorable to oscilla- 
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tion. Differentiating (21) with respect to M and equating to 
zero we find this to be: 

М„= УЕ RLC (22) 
If it is assumed that this value of М is selected, and substituted 
in equation (21) we find that the minimum р is: 
CR 
Lı Ro 
or is just double its value in the absence of circuital reaction. 
Equation (22) may be re-written in terms of the wave length as: 


Mop = pu R В, (24) 


| p-2 (23) 


In practical systems, & few trial caleulations will show that the 
point of optimum mutual inductance is seldom found, the cir- 
cuit used in the above curves being somewhat of an ultimate 
limit. If the inductance in the plate circuit is increased so as 
to increase the coupling, an optimum coupling could be obtained 
with higher wave lengths and higher resistances in the oscillatory 
circuit, were it not for the fact that this brings us to the con- 
sideration of the inherent capacity of the plate circuit acting 
across the plate inductance. Under these conditions the plate 


160 


and grid circuits may be more or less in resonance and the above 
equations are not applicable. This does not decrease in any way 
the practical value of (21) since the reaction, no matter how 
small, is always effective in reducing the tendency toward 
oscillation. 

The above equations may be further utilized in the study of 
the regenerative operation of the vacuum tube, by impressing 
emf.’s of suitable form upon the input circuit of the tube. The 
above roots are applicable in the formulation of the free solution, 
the forced solution being found in the usual way. This investi- 
gation will be undertaken in another paper. 


SUMMARY OF ADDENDUMS: In a first addendum, the author shows 
a later method of measuring directly the mutual conductance of tubes, which 
method is free from certain possible objections of the earlier procedure. 

In a second addendum, an autodyne oscillator with inductive coupling 
between grid and plate circuits is analytically considered. The condition 
for sustained oscillation is derived, a numerical illustration given, and the 
value of the optimum mutual inductance between grid and plate circuits for 
oscillation is obtained. 
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DISCUSSION 


H. J. van der Bijl (by letter): Without entering into a full 
discussion of Mr. Ballantine’s paper, I wish to call attention to 
a few outstanding points. 

The method he gives for measuring the mutual conductance 
is very interesting and obviously allows of a simple and rapid 
determination of this important quantity. It might, however, 
be well to point out that the method, as it stands, is only applic- 
able to cases in which the output impedance of the tube is large 
compared with that of the coil connected in the output circuit. 
As long as this is so, the alternating current, 7,, in the plate cir- 
cuit can (for small impressed oscillations) be given by the simple 


expression used by Mr. Ballantine, namely: i, =pe,where p= р? 


the mutual conductance, and e, is thea. c. input voltage. If, on 
the other hand, the external impedance, Z, into which the tube 
works is not negligibly small, the current is given by 

i= d 

> RrZ 
which follows directly from the amplification equations I gave 
in my paper cited. (и as used here is the same as и, in my 
equations.) This then gives 


Ro e 4 
je Чу. ШЕ 


where К, is the inverse slope of the static characteristic and 
p 


e ; ; EM bs 
- the inverse slope of the dynamic characteristic, or writing р 
1р 


for Ње true mutual conductance of the tube and р’ for that of 
the tube and circuit: 
1_1_7 
р p и 
Mr. Ballantine does not state the impedance of the coil 
used in his experiments, but it was undoubtedly small in com- 
parison with that of the tube which, at the voltages used, had 
a rather high impedance. The second term of the above 
equation can, however, become very disturbing when using low 
impedance tubes, and tubes having an impedance of a few thou- 
sand and even a few hundred ohms are not uncommon. In any 
ease the external impedance Z must be made negligibly small, 
otherwise the necessity of taking it into consideration, thus 
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compelling the use of the above equation, instead of the simple 
one given bx Mr. Rallantine, destroys the usefulness. of his 
method which aims at being quick and simple. 

This consideration shows that the mutual conductance 
depends on the constants of the circuit in which the tube is 
operated, having a limiting value, : ; which obtains when the 

о 

tube works into a negligibly small impedance, and which can be 
characterized as the mutual conductance of the tube itself. 
The reason for this becomes readily apparent when considering 
that the external impedance tends to straighten out the charac- 
teristic. Even if the external impedance were a pure reactance, 
the dynamic characteristic would tend to straighten out and have 
a smaller slope than the static characteristic whieh would not be 
affected bv the reactance. If, for example, the current be im- 
creased by mereasing the grid potential, the voltage between 
filament and plate decreases, due to the inereased voltage drop 
in the coil. In other words, both E, and E, in the eharacteristie 
equation are variables, E, being always 180? out of phase with 
E, Mr. Ballantine’s method could, of course, be used as it 
stands to determine the particular value the mutual conduetance 
would have in any particular cireuit, (say the circuit in whieh the 
tube is to be operated in practice) by choosing an impedanee in 
the test circuit equal to that to be used in practice. "his would, 
however, not be so simple as computing the mutual eonduetanec 
of the tube itself from д and R, and then determining its value 
for any circuit with the help of the above equation, T think 
that a determination of p and &, is more important beentise n 
direct. determination of the mutual conductance tells nothing 
about p or R, the values of which must. be known in order to 
determine the operating range of the tube, the tinpedanee to be 
used in the output, and so on. On the other hand, a sepiurite 
determination of p and A, allows the computation of the mutual 
conductarce for any type of circuit. It is very important. to 
distinguish between the statie characteristic of the tube, whieh 
is governed by the fundamental characteristie equation, and the 
dynamic characteristic of the tube and circuit, which is gov- 
erned by the amplification equations I gave in my paper in 
this issue of the PROCEEDINGS or Tne читте og Rapo 
ENGINEERS. 

The other important point is the нч of operation of the 
tube. For example. referring to Figure 6 of bie paper, which 
gives the amplification constant p ge n function of the grid 
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voltage, Mr. Ballantine states that “The salient feature of these 
curves lies in the fact that the amplification factor is not constant, 
as has been intimated from measurements with direct currents, 
by Dr. van der Bijl, but depends greatly upon the grid potential 
in the region in which operation takes place." The amplifica- 
tion constant is a function only of the geometry of the tube, and 
must therefore be constant. When it is measured by the dy- 
namic null method it will be found to be constant provided the 
tube is operated within the limits that I specified. These limits 
apply only to the grid voltage. (The equations are not by any 
means limited to small plate current.) As soon as the grid be- 
comes sufficiently positive to take current the effective grid volt- 
age is reduced, and unless this reduction is taken into considera- 
tion p will come out too small, as can easily be seen by considering 
the circuit for the dynamic measurement of u. It is obvious that 
this effect increases as the plate voltage is decreased because a 
larger plate voltage would have a greater influence in pulling the 
electrons thru the grid. | 

For negative values of the grid potential the limitation is 


imposed mainly by E, and will be more effective the lower the 
p 


value of E,. These considerations, I think, explain the variation 
in » with grid potential observed by Mr. Ballantine. The tube 
with which he obtained his curves has a very small operating 
range of grid voltage which, of course, depends on the plate volt- 
age used. In a tube of these general constants the value of s in 
my characteristic equation becomes an important quantity, as it 


always is when Ee LE, becomes small. In fact : depends to a 
p 


great extent on the nature and surface condition of the electrodes. 
If it is positive the y, E -curve will drop more readily for positive 
values of the grid potential, and if negative the effect will be on 
the negative side. I have obtained curves like these with a 
Western Electric Company tube of the telephone repeater type 
and found that with 150 volts on the plate, » which had a value 
of 5.0 remained constant to within 10 per cent over a range of 
grid voltage from —20to +20. This is because this type of tube 
has a greater operating range and is, therefore, not so easily 
overtaxed. 
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L. A. Hazeltine*: 1. MUTUAL CONDUCTANCE. The writer 
wishes to congratulate Mr. Ballantine on the clever arrange- 
ment (Figure 2) that he has devised for directly measuring 
the mutual conductance of an amplifier bulb. This method 
readily gives the mutual conductance for any combination of 
direct-current adjustment (grid potential, plate potential and 
heating current), as shown by Mr. Ballantine’s curves. It may 
be noted, however, that mutual conductance in general depends 
also on certain conditions of the alternating-current circuits, as 
follows: 


(a) On the frequency. It is conceivable that the mutual con- 
ductance obtained by a dynamic method might differ from the 
slope of the static characteristic curve obtained with direct cur- 
rent; and it is also conceivable that values at radio frequency 
might differ from those at audio frequency. While differences 
undoubtedly occur between the static and dynamic characteristics 
in bulbs showing positive ionization, no such frequency effects 
are to be expected in high-vacuum bulbs, nor have any been 
found, so far as the writer is aware. If desired, however, Mr. 
Ballantine’s method may readily be extended to radio frequen- 
cies by substituting for the simple buzzer a buzzer-excited oscil- 
lating source and for the audio-frequency balancing transformer 
a radio-frequency transformer together with a detector. The 
method may also be extended to direct-current operation by 
substituting two resistances and a galvanometer for the balancing 
transformer and telephone; but some modifications are neces- 
sary on account of the normal direct current of the plate. 


(b) On the amplitude of oscillation. With a low impressed 
alternating voltage, the variations of the grid voltage and plate 
current will-be over such a short are of the characteristic curve 
that this virtually coincides with its tangent. The slope of the 
latter therefore represents the mutual conductance for small 
amplitudes of oscillation. For higher impressed voltages the 
curvature of the characteristic will become appreciable, and the 
mutual conductance will then be rather crudely represented by 
the slope of the secant line connecting the extreme points of the 
oscillation’. If Mr. Ballantine’s method is to be used for large 
amplitude of oscillation, the effect of wave distortion must be 


*Revised and amplified from the oral discussion at the Institute meeting, 
New York, December 11, 1918. Received by the Editor, January 9, 1919. 


'For the exact definition of the mutual conductance with large amplitudes 
of oscillation, see the writer’s paper, PROCEEDINGS OF THE INSTITUTE ОР 
RapDIo ENGINEERS, volume 6, page 64, foot-note. 
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eliminated, either by sharply tuning the telephone circuit to the 
supply frequency or by substituting for it a sharply tuned vibra- 
tion galvanometer. 


(с) On the presence of an alternating plate voltage. If the 
plate potential is varied proportionally to the grid potential but 
in an opposite sense (as must happen in any use of the bulb in 
which power is given out from its plate circuit), the changes in 
plate current will be smaller than if the plate potential remained 
fixed. The “effective mutual conductance" (see Article 3 of this 
discussion) is therefore lowered by the presence of an alternating 
plate voltage. Mr. Ballantine's method can be extended to give 
this effective mutual conductance by including part of the re- 
sistance R (Figure 2) in the plate circuit. 

In calling attention to the possible extensions of Mr. Bal- 
lantine's method, the writer appreciates that the low-amplitude 
value of mutual conductance, unmodified by the presence of an 
alternating plate voltage, is the most fundamental and most 
useful value, and that the simple method of the paper is far more 
likely to be of practical value than any of the extensions. 

In regard to the symbol for mutual conductance, the writer 
still prefers g to p, considering it very desirable to denote quanti- 
ties of the same physical dimensions by the same symbol. This 
has been found partieularly true for mutual conductance, as it 
often occurs in formulas similar to those containing other con- 
ductances (for example, compare equations (26) and (27) below). 
In cases where more than one conductance enters in the same 
equation, different subseripts or other distinguishing marks may 
be used. The writer suggests denoting mutual conductance by 
Jm in such cases, and will use this notation in what follows. 


2. PLATE RESISTANCE. The term “internal impedance" 
is open to two objections: (a) the bulb has two “internal” circuits, 
that of the grid as well as that of the plate; and (b) the impedance 
has the nature of a pure resistance, as is assumed in all proposed 
methods for measuring it, and so for clearness’ sake should be 
called a resistance. The proper term for this constant would 
seem to be “plate resistance" and the appropriate symbol г). 
The use of the reciprocal, the plate conductance g,, is sometimes 
.more convenient. 

In this eonnection it might be well to compare the two 
methods of viewing the plate circuit, considered as a source of 
alternating-current power. According to the first method, the 
alternating plate current 7, is made up of two terms, one due to 
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the alternating grid voltage E, and the other due to the alter- 
nating plate voltage E,: 


_ aF 


where 5, is the mutual conductance and g, is the plate conduct- 
ance. Interpreting this equation, we may say that the plate 
circuit. acts as a generator whose total current generated їз E, gm, 
of which a part E, gp is lost in a shunt path, or “leak,” of con- 
ductance 9,. To lead to the second method of viewing the action, 
we may solve equation (1) for E,: 


I, = Е, Im —E, Ip» 


I 
E,- "^g 2; (2 
” gp ° م9‎ 
or 
E,=4E,—1,7,, (3) 
where 
Im 
p= is (4 
Jp ) 
is the amplification constant, апа 
1 " 
r,=— (5) 
: Jp 


is the plate resistance. Interpreting equation (3), we may say 
that the plate circuit acts as a generator the generated or internal 
voltage of which is pE, and the internal resistance of which is r,? 

These two methods are equivalent and therefore equally 
correct. That represented by equation (1) probably corres- 
ponds most closely to the physical action, and is most useful in 
treating oscillating circuits. That represented by equation (3) 
has the advantage that one of the constants (#) is nearly inde- 
pendent of the direct-current adjustments of the bulb, and is 
most useful in treating amplifiers and detectors. 


3. Use or “EFFECTIVE MUTUAL CONDUCTANCE.” In 
many calculations of thermionic oscillators it is found convenicnt 


>This equation was given by the writer, PRocEEpINGS ov THe Issri- 
TUTE oF Клио ENGINEERS. volume 6. page 67. [t is the alternating-current 
equivalent of Vallaun’s equation, which in corresponding notation is 

ty =e Ja tig Is te. 

Equations of thi- form seems to have been first employed by Latour, * Eldlec- 
псіар. London,. December 1. 1916 (in dieing amplification, and by 
Bethened. "La Lumiere Liectrique.” December 16, 1916 "in discureing о 
cillatien . 

The equivalent of equation 3. ite derivation and ite interpretation, 
were given by Miner. PROCEEDINGS or Tug [IN-TITUTE or Кало Esx- 
GINEEES, Wolime t), page 14.5. 
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ie the ratio of plate voltage to grid voltage as determined by the 


rgi M n 
eren conditions The expression (1-2) thus enters as a 
p 


correction metor, which frequently differs from unity by a per- 
eentuge lese than the uneertainties in the values of gma with various 
bulls or various adjustments, and so may then be disregarded. 
On the whole, (he elfeetive mutual conductance gm’ is of more 
oet vien din the enleulntion of oscillating-current circuits than the 
көөнө value; at ia Che value given by the equations for g in the 
Weitere Фаине af Radio Engineers: paper previously referred 
lu sw at whieh ate included in Figure 2 herewith. 

ін о nberestinp (a observe that the effective mutual conduc- 
Ene ru bu nı ehesen value of à may be determined with a 
Ade oed Gm et ES Maler s apparatus, as follows. In Figure 1 
Мам (he rate is ах oset at the desired value of n, and 
^e мм aba a hallan We then have 
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Certain cases arise where it is necessary to employ the cor- 
rection factor (1- 4 of equation (8), or to use a value of gm 
p 


differing considerably from gm». Three of these will be considered 
here. 


FIGURE 1 


(a) Optimum Mutual Inductance. In Figure 2b herewith 
(Figure 3b of the writer’s paper) the effective mutual conduct- 
ance (denoted simply as g), is 


‚ € r. 
д p) (11) 
so the normal mutual conductance by (8) is 
pee элеш NUN 
м(:-") м(1-1 ; m) 0002) 
m p L 


Considering M as variable, it can readily be shown that gm will 
be a minimum (or the oscillation will be the strongest) when 


M م‎ 
L^9 (13) 
Substituting in (12), the value of g,, is found to be A or just 


M 
twice the effective mutual conductance in (11). In other words, 
to maintain a strong oscillation an optimum value of mutual 
inductance occurs, as given by (13); and for this value the ef- 
fective mutual conductance has fallen to one half the normal 
value.’ 


‘The existence of ап optimum mutual inductance was first brought to 
the writer’s attention by Mr. Ballantine, who has derived an expression for 
its value differing in form from equation (13) but equivalent thereto. (This 
is found on page 160 of Addendum 2 above.— Editor.) 
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(b) Optimum Voltage Division. In Figure 2d herewith the 
effective mutual conductance is given as 


C d C 4 PI IE 
Gm = Ced Em C unu EY (14) 
(L;4-M)(L,4-M) L EE; 
Cr (1+т)? В 
= 7 ; (1: 
L n 15) 


This is a minimum when n= 1; so it has sometimes been thought 
that in cireuits of this form the oscillation is the strongest when 
the total voltage is divided equally between the plate and the 
grid. However, introducing the correction factor, we have 


„Ст, (any 
jn р | ^) (16) 
n|1— 
A 
which is à minimum for 


m 
ДаР (17) 
That is, the oscillation will be the strongest when the total volt- 
age is divided between the plate and the grid in the ratio 
#/ (&4- 2), or about 0.8 for values of u usually found in detector 
bulbs. For this case the correction factor becomes 

п +1 | | (18) 

и p+2 
which is usually in the neighborhood of 0.9. 
170 


The above deduction applies also to Figure 2e with fair 
accuracy, but to Figure 2f only very roughly, especially when С, 
and C, are small compared with C' and when Cr L is high. Exact 
treatment. of the last case requires the complex method, for the 
reason that on account of the gnd and plate conductanees the 
voltages across C, and C, may be considerably out of phase with 
one another, contrary to the assumptions made m the “loss 
method" used in deriving the formulas of Figure 2. (Both 
theoretical and experimental results show optimum values of n 
varying over a considerable range as the cireuit constants are 
varied, and sometimes more than one optimum value occurs in 
a given circuit.) 

(с) Marimum Output. The cireuit of Figure 2a herewith 
is frequently used in bulb transmitters, for which we wish to 
choose the circuit constants to secure the greatest output. The 
effective mutual conductance is given as 


Р CLr : 


m 9 
9^ = M. М, Un 

and the voltage ratio is evidently 

M, ‘ 
пе. А (20) 
Solving for M, апа M,, 
М, ы C ET and M, м "i d п : (21) 
От п Ym n 


Now the output of the bulb depends only on gm and n (as far as the 
radio-frequency circuit is concerned); so if their optimum values 
can be determined M, and M, сап be at once computed by (21). 

The writer has previously indieuted* how the values of n 
and g,,' for greatest output could be determined by trial from the 
characteristic curves of the bulb. A more convenient method 
would probably be by direct experiment, using any of the eireuits 
of Figure 2. Thus if Figure 2c is employed, we may insert a 
radio-frequency ammeter in the circuit. (C, L) and vary M and (C 
(or M and r) until a maximum output is obtained, varying also 
the direct-current quantities within permissible limits to de- 
termine their most desirable adjustinents. When the best ar- 
rangement has been found, the desired values аге 


Е Im = (22) 


*PRocEEDINGS OF THE INSTITUTE oF Намо FENciNEEnR, volume 6, 
pages 94 and 95. 
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and 


L 
М 

4. DETECTOR Constants. The constants which Mr. Ballan- 
tine denotes by D and с and calls variously “detection,” ‘‘de- 
tecting constant,” ‘detector constant," ‘‘detecting action" and 
“detection factor," are open to criticism. Neither is defined 
directly in terms of the quantities in which the user of a detector 
is interested; and—more unfortunately still—these two con- 
stants, “detection (without grid condenser)" and ‘‘detection 
(grid condenser)," are not of the same physical dimensions and 
80 are not numerically comparable with one another, as one 
might have expected. Several months ago the writer used the 
term ‘‘detector constant" in a private report to represent the 
change in plate current per voll square (r.m.s.) impressed on the 
grid. This definition leads to the following formulas: 


n (23) 


2j { 
Detector constant without grid condenser = н . n and (24) 
J 
di, 
de 
. — 
о di, (25) 
d €; 
(where small letters are used, instead of the corresponding capi- 
tals of Mr. Ballantine, to represent the instantaneous currents 
and voltages, as is customary in alternating-current circuit 
equations). The former [equation (24)| agrees with Mr. Bal- 


Е 


Detector constant with grid condenser = 


NM 


d 


e 


lantine's D except for the factor T but the latter [equation (25)] 


differs from his с not only by the factor > but also by the factor 
di, 


ед 
factor is distinctly in error; for if two bulbs are alike in all other 


in the denominator. Mr. Ballantine’s omission of this 


respects, that having the lower value of < will be а corres- 
2 

pondingly better detector—quite irrespective of any of the in- 

cidental features of operation which Mr. Ballantine mentions in 
connection with the definition of this constant. 

Very recently the writer has used the term rectification con- 

stant to represent the change in the grid generated (d.c.) voltage 

per volt square (r.m.s.) impressed and considers this a more fun- 
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damental and more useful constant than the above ‘‘detector 
constant." The formulas for this constant without and with a 
grid or stopping condenser are respectively, 


Mutual rectification 1 de? 1 dg, 


constant, Уһ = уб == —4--:-7,a8nd (26) 


Grid rectification yal. d ej? i. dg, (27) 
constant, " 2 di, 2g, de, 


The theory of rectification in various forms of detectors and meth- 
ods of directly measuring the rectification constants are included 
in a paper now in preparation. 

The connections of Figure 4 for determining с are also open 
to criticism, for they fix the grid potential arbitrarily. Actually 
the potential of the grid is fixed by the grid leak resistance (added 
or inherent), whose value has & very marked influence on the 
value of c. This is because the entire direct current of the grid 
circuit must return thru the leak; so the operating point on the 
grid characteristic curve will be that for which the quotient of 
grid potential by grid current is equal to the resistance of the 
leak. In the report referred to above, the writer used connec- 
tions similar in principle to Figure 4, but elaborated so as to 
determine the actual opemating potential of the grid and to 
measure the grid conductance at and near this potential. This 
method has been used by the writer and by others with satis- 
factory results. 

In regard to the practical value of such “detector constants" 
or “rectification constants" as measures of a bulb's effectiveness 
in radio reception, the following may be stated. "They do not 
tell the whole story; for the bulb affects the circuit in more than 
one way. These constants do, however, give definite measures of 
certain important features of the bulb; and, together with the 
other necessary bulb data, they permit the exact calculations of 
the over-all effectiveness of a bulb used in connection with any 
given radio receiver. The other independent bulb constants 
which affect its detecting action are the amplification constant, 
the grid conductance, and the plate conductance (or resistance). 
If, for example, we compare the detector action of a bulb without 
and with a stopping condenser, we find the rectification constant 
several times higher with the stopping condenser. On the other 
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hand, when we calculate the effect of the high grid conductance 
inherent to operation with a stopping condenser, we find that it 
greatly reduces the radio-frequency voltage received by the grid 
and so may more than compensate for the better rectification. 
This agrees with practical experience, especially with grid cir- 
cuits having a high quotient of self-inductance by capacity; for 
in such cases the grid loss may be several times all other radio- 
frequency losses put together, causing a marked diminution in 
impressed grid voltage. 


V. Bush: Mr. Ballantine's very interesting paper is of 
particular service in gathering together and carefully defining the 
various tube constants which have been used by many writers. 
It is also a step toward a consistent accepted nomenclature of 
the subject, which will prove very necessary if we are to avoid 
confusion. 

It would be an additional help if Mr. Ballantine could throw 
some light upon the following point: It seems to me that there 
should be certain standard conditions under which the constants 
of a tube are defined. We give the regulation of a generator, 
for instance, as the rise in terminal voltage from full load to no 
load under normal speed and field excitation. Could we not 
similarly more definitely define the internal impedance of a tube 
as the slope of the E,, J, curve under analogous standard condi- 
tions as regards plate voltage, filament current, and grid po- 
tential? Is it not true that the so-called constants of the tube 
reviewed in the paper are as yet not constants at all; but that 
we must give their values by means of a large number of curves 
for various conditions in order to describe completely the elec- 
trical operation of a given tube? Much of this is undoubtedly 
due to the versatility of the three element tube, so that many 
statements are needed to describe its action completely. Thus, 
for instance, we have no definite constant as yet for specifying 
output capacity. It is to be hoped however that as the art 
develops some definite set of constants and curves may be set- 
tled upon, as few in number as possible, which will describe briefly 
and completely the electrical behavior of a given tube under 
any set of conditions usually met with in practice, without adding 
a great deal of information which will not be needed. 

With the ordinary generator we can of course go much further. 
There are various mechanical constants such as peripheral speed. 
the constants of the iron, numbers of turns, and so on; and when 
these are known we can by means of well known formulas ex- 
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press the electrical constants in terms of them. That is, we can 
design consistently in order to obtain a generator for any desired 
purpose. It is of course too early to hope for such design form- 
ulas for thermionic tubes, for they are at present largely empirical. 

Mr. Ballantine’s paper will assist, however, toward the time 
when we will order a tube for a given service in exactly the same 
way that we now specify the behavior of a generator. 


Edward Bennett (by letter)*: The use of uniform names 
and symbols for the constants of tri-electrode amplifiers is a 
matter of such importance that I venture to supplement the com- 
.pilation of terms and symbols which the paper contains by a 
statement of the nomenclature which has been found very useful 
in an extended investigation of amplifiers under conditions in 
which the grid current cannot be neglected. 

This nomenclature is as follows: 

The ratio of the grid alternating current to the grid alternating 
potential (the plate potential being kept constant) is called the 
grid conductance, G,. If AI, and AE, represent corresponding 
increments in the grid current and grid potential as read off 
from the continuous potential characteristics, then 


Al, . | 
AE, is represented by G, (1) 


The ratio of the plate alternating current to the plate alter- 
nating potential (the grid potential being kept constant) is called 
the plate conductance, Gp. 


D 


is represented by G, (2) 
p 
The ratio of the plate alternating current to the grid alter- 
nating potential (the plate potential being kept constant) is 
called the controlled conductance of the plate by the grid, or briefly 
the controlled plate conductance, G. p. 


АЕ, is represented by G,, (3) 
The ratio of the grid alternating current to the plate alter- 

nating potential (the grid potential being kept constant) is called 
the controlled conductance of the grid by the plate, or briefly the 
controlled grid conductance, G,,. 

AI. 

An. is represented by G,, (4) 
` *Received by the Editor, January 16, 1919. 
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For the use of the term “conductance” in connection with 
the constants of amplifiers we are indebted to Professor Hazeltine. 
The quantity which in the above notation is termed the controlled 
plate conductance is by Professor Hazeltine termed the mutual 
conductance. It seems to me that the term mutual is open to 
objection in that the effect is not a mutual effect in the same 
sense as in mutual inductance or mutual elastance. 

As an illustration of the utility of the constants defined above, 
consider their application to the simple case of non-regenerative 
power amplification in the circuit of Figure 1. In this figure A 
represents the source delivering the power which is to be ampli- 
fied. The resistance, R, in the plate circuit represents the ele- 
ment to which the amplified power is to be delivered. 


FIGURE 1 


Let E represent the r.m.s. value of the alternating voltage 
of the source A supplying the power which is to be amplified. 

Assuming for the moment that no variation occurs in the 
voltage between the plate P and filament F, the voltage E of 
the source impressed in the grid circuit will cause the following 
currents to flow: 


Ipı=Ge.pE 


1,,=G,E 
The passage of the alternating current of the value 7, thru 
the resistance R will, however, cause the plate voltage to vary 
by the amount, 
E,;--—I,R 
This variation of the plate voltage will give rise to the follow- 
ing plate and grid currents, 
I,2=(-I, R)G, 
з= (= 1, R)G., 
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Whence the resultant plate and grid currents are as follows, 
І,(=1,.+1,2) 2G, ,E —I, RG, 


or Gen E 
a " 
I, (=1,1+1,2) =G "di RG, 
or RG,,G.,E 
1,=6,Е – TIE (6) 
The power expended in the resistance is I, R= | Ese VR 
1+ RGp 
The power delivered by the source A is 
: : еа. „С, 
EI,—-E*G,— ІС A 
The power amplification = 
SERO G2,R (7) 
ЕТ, ` (14+G, R) (CAG C R—GepGey R) 


The value which the resistance R in the plate circuit must 
have in order to lead to the maximum possible amplification of 
the power may be determined by taking the derivative of the 
amplification with respect to R, equating the derivative to zero, 
and solving the resulting equation for the value of R. 

The value of R for maximum power amplification is found 
to be, 


um (8) 


Substituting this value of R in equation (3), the expression 
for the maximum amplification is found to be, 


Maximum power amplification = 
CAE 


G G | (9) 
G G __ Ср cg 
i |+ i (în 2 


. s . G E G . 
In most tri-electrode devices, the fraction (бе) (б) is 
p 


small in comparison with unity because of the small value of 
(С.о, or of the second fraction in comparison with the first. 

Under these conditions the following approximate expressions 
may be written for maximum amplification. 
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R,, should equal 5 (8a) 


Jp 
Maximum power amplification — Сер, (9а) 
46,6, 
The corresponding voltage amplification = 2 (6a) 
р 


The maximum voltage amplification, namely, zer, occurs 
р 
only when the resistance R is made infinitely great; їп this 


case the power amplification is 0. 


Stuart Ballantine (by letter):* Dr. van der Bijl’s remarks 
relative to the presence of inductance in the plate circuit of the 
vacuum tube under measurement with its concomitant effect 
on the value of the mutual conductance obtained, reflect a popu- 
lar view concerning the accuracy of the method which is quite 
erroneous. It is true that the output circuit does contain the 
winding Р» of the balancing transformer, which, in the absence 
of the supply voltage, e, will cause the current in this circuit 
to assume another value and lag behind the plate voltage by 
a small angle which depends upon the internal resistance of the 
tube. However, it is to be noted, that in the presence of a cur- 
rent in the winding Pi, and in particular when a condition of 
balance is attained (which is the state of affairs of primary in- 
terest), the flux in the core is reduced to zero and there is no 
inductive effect in the plate circuit, no magnetic circuit loss and 
no serious reaction between the primary and secondary circuits 
involved. The circuital reactions that do exist conspire to 
preserve the accuracy of the method by their mutual destruction 
of inductive effects. Few ignorations are therefore necessary 
and the values of P obtained are representative of the tube and 
not the circuit. 

Looking at the thing from another point of view, it is fairly 
evident that the main current 7, flowing thru the winding Pi 
induces an emf. in the plate circuit which is of the proper phase 
to react upon the emf. drop due to the inductance of the winding, 
Pa. When a perfect balance is obtained, as indicated by silence 
in the telephones, the neutralization is complete and the plate 
circuit acts as tho it was devoid of inductance. This may be 
demonstrated mathematically from the circuital solution, but 
since space is valuable, reference to the vector diagram of Figure 
1 may serve to illustrate the truth of these remarks. 


i s Received by the Editor, February 18, 1919. 
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Ep 


FIGURE 1 


In the construction of this diagram no attention has been 
paid to the proper representation of magnitudes, the phase 
relations being of paramount interest. 

The impressed forces E, and E are the plate and supply 
voltages respectively. In addition e, is the impressed force in 
the plate cireuit on the assumption that there is no reaction from 
the other primary circuit. When the supply circuit is connected 
without the emf., e, the flux induces therein the force E’ which 
produces the current, J’ and the flux $'. This in turn results 
in the reactive emf. in the plate circuit, Ep”. The component 
due to this reaction when combined with ep gives the final result- 
ant impressed force, Ep. "The circuit, as is well known, then acts 
as if its inductance were reduced and its resistance increased. 
Due to the connection of the grid across the resistance R in the 
main circuit, the relation between the main current 7 and the 
plate volt^ge is fixed as shown. The emf. in the main circuit 
is E; the current. produced is Z which induces the force Ep’ in 
the plate circuit. Of particular interest here is the fact that 
this induction is opposed to the normal inductance drop in the 
plate circuit. This is a crude method of illustrating why the 
objections mentioned by Dr. van der Bijl tend to disappear 
when the condition of balance and zero flux is attained. With 
certain connections, and circuit constants, slight errors due to 
other causes do exist, as indicated mathematically, but their 
magnitude is of no practical importance. Furthermore, the 
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method described makes no pretense at much precision, and 
is sufficiently accurate for most purposes. 

In connection with the other point brought out in Dr. van 
der Bijl's discussion, I cannot agree with him that the “ampli- 
fication constant is a function only of the geometry of the tube." 
It seems to me that the important consideration is the relation 
between the electronic flow and the forces produced by the 
electrodes, which is not a simple function of their spatial relation, 
but depends as has been clearly demonstrated by Richardson, 
also upon the distribution and congestion of the particles them- 
selves. In constructing the explanation given in the paper 
to account for the falling off of » for positive grid potentials 
I was greatly influenced by this view. Furthermore, I think 
that a few trial computations will indicate that Dr. van der 
Bij's explanation based entirely upon the conductivity of the 
grid circuit, is quite fallacious. Asa matter of fact, this was also 
the first explanation that occurred to me, suggested probably by 
the increase in the effect for decreasing plate potentials. The 
"effective" value of the grid potential is, of course, а 

Rı+ R, 
instead of №, I as was assumed in my measurements. The 
slide wire used had a total resistance of about 116 ohms; the 
resistance of the grid circuit was in no instance lower than 10,000 
ohms and in most cases was considerably above this (the exact 
values are deducible from Figure 11). After correcting for the 
grid conductance I was surprised to find that the resulting curve 
was identical with the original one almost within the normal 
width of the curve itself. I am convinced, therefore, that the 
effect is negligible and that any explanation based solely upon 
its consideration is inadequate to account for the pronounced 
falling off of к observed. I have but limited faith in the expla- 
nation given in the paper to account for this effect and do not 
wish to contend that this is the correct and final answer to the 
question. It is frankly crude and explains only the falling off 
for small plate voltages; the variation for constant plate voltage 
and variable grid potential still remains unexplained. Any 
theory for this latter effect must indeed be possessed of remark- 
able flexibility in order to aecount for some of the vagaries that 
have been observed. 

In order to give Dr. van der Bijl's theory a fair test I made 
some very careful measurements of a with tubes having ceylin- 
drieal electrodes. This type of constructions gives а relation 
between the plate current (Jp) and the grid potential (Ey) which 
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follows most faithfully the relation formulated in Dr. van der 
Bijl’s theory. On account of this agreement with the theory, 
we should expect the amplification factor to remain constant 
as the theory predicts. The results are displayed in Figure 2. 


COEFFICIENT OF AMPLIFICATION 


-10 -5 0 Б 10 
GRID POTENTIAL (VOLTS) 


FIGURE 2 


The curves “A” and “B” were obtained on tubes with similar 
plate dimensions and with similar plate-filament spaces. In 
the case of “А,” however, the grid-filament space 15 greater 
(by 0.5 millimeter or 0.02 inch) than in the case of tube “В.” 
The falling off of и for low plate voltages is still noticeable altho 
not so pronounced as the curves shown in Figure 6, which were 
obtained with a tube having plane electrodes. "The full family 
of dotted curves is given for tube “B” so that the effect of plate 
voltage may be indicated. The remaining curves, “С” and 
“D” were taken with two other tubes of forcign design, tube 
“D” being of cylindrical form and tube “C” having electrodes 
of circular form in unilateral arrangement with respect to the 
filament. All of these curves were taken with the tubes operating 
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on a plate potential of 80 volts. The very pronounced falling 
off shown by curve “D” is attributable to an incorrect filament 
temperature. Raising the filament temperature caused this 
part of the curve to become horizontal. The filaments of each 
of the four tubes were made of tungsten and an effort was 
made to adjust them to the same intrinsic brilliancy. The 
four curves show a mutual tendency to rise in the region of 
—2 volts on the grid. After this point is reached, as the grid 
potential is increased, a sudden fall is noticeable, which is appar- 
ently inexplicable and certainly not due to grid conductance 
since a sensitive galvanometer inserted in the grid circuit shows 
no evidence of grid current. 

_ Iam greatly interested in this matter but feel that too much 
space has already been consumed in the discussion of an abstract 
question which is properly a matter of pure science; from an 
engineering point of view, the variation of 4 is not important, 
particularly in the positive plane. The amplification factor 
is generally of minor importance in the specification of tube 
merit, the mutual conductance being a dominant consider- 
ation. 

Professor Hazeltine's interest in the arrangement shown in 
Figure 2 is very gratifying. Also his discussion on the influence 
of the frequency and amplitude of the measuring current are 
interesting but I have found that in all but very extraordinary 
cases, these effects are of secondary importance. With gas 
tubes, in which the phenomenon of impact ionization is not 
completely negligible, the case is quite different. As first inti- 
mated by Vallauri,! the hysteresis and viscosity effects then be- 
come prominent and the results are very erratic. Fortunately, 
present day tendencies are directed away from the gas tube, so 
that this does not become a matter of great concern. 

The matter of treating analytically problems relating to 
vacuum tube circuits seems to resolve itself into a question 
of individual preference. To one accustomed to the use of 
straightforward methods of solution by means of differential 
equations or complex-imaginary algebra (in the case of forced 
solutions), the conceptions of the coefficient of amplification 
and internal impedance are of great value. The method which 
seems to be preferred by Professor Hazcltine involving an 
"effective" mutual conductance possesses the very important 
advantage of mathematical simplicity, yet the physical reason- 


1 Vallauri, *L'Eletrotecnica," volume 4, number 18, page 335, 1917. 
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ing which should parallel any mathematical investigation is 
much more involved in its nature. In this method, the effect 
of the reactive emfs. and other extraneous emfs. in the plate 
circuit require formulation as a correction factor to the normal 
mutual conductance of the tube. I have always preferred the 
other method since it seems to be more fundamental and involves 
the parameters of the tube as fundamental quantities. An 
example of this mode of dealing with such problems is presented 
in the treatment of the inductively coupled oscillation circuit 
given in Addendum 2 to the paper. 

Professor Hazeltine has remarked that the two methods 
of treatment give results which are identical. His execution 
of the investigation is formally correct, and yet the result he 
obtains is equivalent to that given in Addendum 2, which is only 
approximate. The necessity for approximation in my investi- 
gation was generated in the solution of the cubic. The extent 
of the error made is not serious, but it is known to be present. 
In Professor Hazeltine’s treatment no approximations are made 
so that the lack of rigor becomes apparent. The value of the 
normal mutual conductance given by Professor Hazeltine is: 


Venim e Ст 
= 1 M (a) 
М{1-- · = 
( H B 
which is equivalent to that given in the Addendum: 
Cr, M 
Im= ap Fr В, (b) 


Proper substitution for и in (a) transforms it to (b). In other 
respects Professor Hazeltine's deductions are identical to those 
which I have made. | 
The standardization of vacuum tube nomenclature is а matter 
which is destined to become of increasing importance as this 
remarkable device is developed. I am inclined to agree with 
the arguments advanced in Professor Hazeltine’s discussion, 
covering the mutual conductance and internal impedance. The 
symbol р for the amplification factor as given originally by Dr. 
van der Bijl seems to remain satisfactory. The term “internal 
impedance" is perhaps & misnomer, and should be properly 
changed to plate resistance. The impedance of the tube at 
radio frequencies is rather complex in form and cannot be repre- 
sented by a pure resistance as is done at audio frequencies, so 
that, as Professor Hazeltine remarks, the resistance symbol 
is quite inappropriate. The symbol Rp is undoubtedly the 
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I do not feel competent to join in Professor Hazeltine's 
erudite discussion of the functioning of the tube as a detector 
in the grid condenser connection. I feel that a derivation of 
the definition for the merit of the tube is not possible in the ab- 
sence of an explicit specification of the constants of the asso- 
ciated radio frequency circuit. Even if this information was 
supplied, the resulting expression involving these circuital 
coefficients would not be representative of the tube itself, but 
would represent the operation of the circuit as a whole. The 
criticism of the definition given in the paper for the detector 
constant without grid condenser is well founded. The result 
which I gave is erroneous, altho the reasoning based upon 
Figure З is perfectly accurate and leads quite naturally to: 


Ad, | 

D= 2 (c) 

as a definition of the detector constant. "The physical structure 

of the published definition is correct, the error being simply one 

of quantity. "This definition may be checked by assuming the 

plate current (75) to be any function of the grid potential (ej) 
as follows: 


i, — f (e) (a) 
which is expressible in a power series of the form: 
„= A tA Le tA ° ° ° Ane,” (e) 


if the coefficients are experimentally evaluated, this may be 
written in a Maclaurin expansion as follows: 


OL ЖО; 
de,” 2de?" "6de; 


The first few terms are of interest only, the indications being 
that the convergence is complete and rapid in the region in which 
we are particularly interested. The first term represents the 
normal plate current at the point of operation; the second term, 
whieh is proportional to p may be regarded as the amplification. 
The third term, proportional to the second derivative of the Ip, Е, 
characteristic apparently represents the rectification and is seen 
to be identical with (е) above. Succeeding terms may be com- 
bined in similar order with the amplification and rectification 
terms. 

In connection with the definition of the detector constant 
with grid condenser, I do not believe that the phenomenon 
of deteetion is quite so simple as indicated by Professor Hazel- 


і, =1,+ ej d gp $35 (f) 
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tine’s definitions. In constructing the definition which I used 
in plotting the variation of o with the grid voltage, my primary 
object was not to derive something which was quantitatively 
comparable to the detector constant without grid condenser, 
but to express something which was of some physical significance 
and which could be plotted to show the variation of the factor 
from one part of the characteristic surface to the other. As 
stated above, an explicit consideration of the quantitative nature 
of this factor is not possible without analyzing the entire circuit 
and any expression to possess the desired utility must involve 
such factors as L, С, R, Ry, and C,. The magnitude of the 
detected output is undoubtedly proportional to the extreme 
excursion of the grid potential in the negative direction regarded 
as an argument, with the concomitant change in the plate cur- 
rent as the result. this latter effect being proportional to the 
mutual conductance. The grid potential charge is proportional 
to the rectification in the grid circuit so that the superposition 
of these characteristics seems to be of definite physical sig- 
nificance. Professor Hazeltine's remarks evidence a firmer 
belief in the value of this detecting factor than I have expressed. 
I have already elaborated my views concerning this so that fur- 
ther discussion is not necessary. If he believes that the grid 
potential decrease is proportional to the strength of the oscillation 
and its decrement and is not influenced bv the change in detector 
factor with changing grid potential I do not think that he has 
given the matter adequate consideration. 

Professor Bush’s remarks relative to the desirability of being 
able to specify the performance of vacuum tubes briefly, and 
without the use of a number of experimental curves, touch upon 
a very practical matter. It seems to me that the best method 
of informing the user concerning the capabilities of the device 
in its various connections as detector, amplifier, modulator, and 
oscillation generator, would consist in providing each tube with 
a name plate giving the following information: 


De- |Modu- Ampli- 
Oscillator tector| lator | fier 


Figure of Merit 


Plate Resistance Rp 

Amplification.. ....... ш 

Grid Voltage......... + volts 

Plate Voltage......... + volts Nd T 
Filament Current.... Amps. Amps. Ampe. Amps. 


The factors enumerated are to be measured at the plate and 
grid potentials corresponding to their maximum values since 
these are of main interest. . This system would not only furnish 
the figures of merit of the device but would also advise the user 
of the tube at what part of the characteristic surface to operate. 
This is obviously desirable and should be helpful in reducing the 
amount of experimenting necessary to arrange for the proper 
operating conditions. 


* See paper by Dr. J. К. Carson, PROCEEDINGS OF THE INSTITUTE OF 
Rapio ENGINEERS, volume 7, number 2, 1919. 
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A THEORETICAL STUDY OF THE THREE-ELEMENT 
VACUUM TUBE* 


By 
JouN R. CARSON 


(ENGINEERING DEPARTMENT, AMERICAN TELEPHONE AND TELEGRAPH 
COMPANY, NEW YORK) 


The device with the theory of which the present paper is 
concerned is termed, in default of a generally accepted name, 
the three-element vacuum tube. Structurally, as is well known, 
it consists of an evacuated vessel which contains a cathode in 
the form of an incandescent filament; an anode or plate; and an 
auxiliary or control electrode which is usually in the form of 
a grid. The extensive literature which exists concerning this 
device, and which reflects its scientific and technical importance 
renders superfluous a description of its structural details or a 
discussion of the physics of its operation, for a very complete 
account of which the reader is referred to a recent paper by 
van der Bijl on the '"Thermionic Amplifier." 

The purpose of the present paper is two-fold; first, to develop 
simple formulas which serve as a satisfactory basis on which 
to construct an clementary theory of the operation of the device 
in its triple role of amplifier. modulator, and detector, and which 
indicate the characteristics and factors on which its functioning 
depends; and secondly, to develop a rigorous mode of dealing 
with the device by aid of which exact formulas are deducible. 

It will be understood that the device dealt with in the fol- 
lowing is assumed to be so highly evacuated that the current 
is transported entirely by electrons emitted from the incan- 
descent eathode, and that ionization of the residual gas mole- 
cules plays a quite ignorable part in the mechanism of current 
conduction. 

Secondlv it will be assumed that the auxiliary electrode or 
grid is at all times maintained negative with respect to the 

* Received by the Editor, November 12, 1918. | 

1 PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, volume 7, num- 


ber 2, 1919. This paper also contains a very complete discussion ‘of the 
theory and operation of the tube as an дшше 
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cathode or filament by means, for example, of suitable “С” 
battery in the input or grid-filament circuit. When this con- 
dition obtains, no current flows in the input circuit and the con- 
trol is entirely electrostatic. 

In the original circuit connections of the audion detector, 
a condenser was inserted in series with the grid and this arrange- 
ment is rather extensively employed to-day. To avoid mis- 
understanding it should be expressly understood that this 
arrangement is not considered in the present paper which deals 
with a different mode of detection which does not depend on 
current rectification in the input circuit. 

The physical structure and the fundamental problem involved 
may be briefly described as follows: The input or grid-filament 
circuit includes a “С” battery connected with such polarity and 
of such value as to maintain the grid negative with respect to 
the filament at all times, and in series therewith a variable emf. 
corresponding to the impressed effect which it is the function 
of the device to translate into an amplified, modulated, or de- 
tected output as the case may be. The output or plate-filament 
circuit includes a direct current source of energy termed the 
“B” battery and in series therewith an external or load im- 
pedance zin which is made available the translated output. Cor- 
responding to a variation in the emf. impressed on the input | 
circuit the output circuit current is varied in a manner to be 
investigated. Our problem, in fact, a solution of which com- 
pletely predetermines the performance of the device, is to for- 
mulate the variation of the output circuit current as a function 
of the variable input voltage. 

With this preliminary understanding we proceed to an 
analysis of the problem. The basis for this analysis is furnished 
by the characteristic equation of the tube: 


1=9(8.+12,) (1) 


where I is the output circuit current; E, is the instantaneous 
potential difference existing between the grid and filament: Ёв 
is the instantaneous potential difference between plate and 
filament; and » is van der Bij's “amplification constant" of 
the device, which depends for its value on the design of the tube 
and, in particular, on the structure and location of the grid. 
This characteristic equation, while empiric, holds with great 
accuracy over the operating range of the device; for a full dis- 
cussion, see van der Bijl’s paper. 
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Since we are concerned not with the total output current 
but with its variation in response to a change in the input emf. 
we write: 

1=1,+Ј 
E,=E,,+e (2) 
Ey =E, +v 


Here obviously I, may be identified with the steady or nor- 
mal current in the output circuit corresponding to the steady 
emfs. E.o and Eg,; e is the variation in the input emf. which 
is to be identified with the variation in the grid-filament potential 
difference corresponding to the effect to be amplified, modulated 
or detected; and J is the consequent variation in the output 
current with which we are concerned. €E., апа Е, are to be 
identified with the effective “С” and “B” battery voltages. 
v is the variation in the plate filament potential difference con- 
sequent upon the variation J of the plate-filament or output 
current. It obviously depends on the value of the load im- 
pedance z, and a little consideration will make it clear that v 
is simply the potential drop, with sign reversed, of the current 
J thru the impedance z. A clear grasp of this fact is essential 
to the following treatment of the problem. 

Substitution of (2) in (1) and expansion in a power series 
gives: 


Ј= Р, (p e4d-v) +P» (r edv)? 4- Ps (p e4-v)? 
+P (neto) t >> (3) 
where P, P» ° ° + Р, are the differential parameters: 


1/091 
p= 191) 


1/090'I 
ZEE ERA 


The subscript “o” denotes that the derivatives are to be evaluated 
at the point E, 2 E,,, E= Ej, of the characteristic. 

The necessary conditions that the expansion (3) shall be 
convergent are 


(4) 


E.<o 
E+ Evo (5) 
I «.I, 
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where 7, is the saturation value of the output current. It will 
be remarked that ccnditions (5) simply define the operating 
range of the tube. The sufficient conditions to insure conver- 
gence of the expansion can be determined only when the func- 
tional form of $ is specified; it appears, however, that in actual 
tubes ¢ is closely represented by a power of the argument and 
for this case conditions (5) are sufficient as well as necessary. 
It may safely be assumed, therefore, as is done in the following 
discussion, that the expansion (5) is valid over the operating 
range of the tube. 

An investigation of series (3) looking to an explicit formula- 
tion of J in terms of e requires a knowledge of v which in turn 
requires that the load impedance z be specified. The general 
case where 2 is unrestricted in form is examined later; for the 
present we take the simple but illuminating case where 2 is a 
pure resistance R. This at once leads to the relation: 


v=— RJ 
the substitution of which in (3) gives: 
Ј= Р, (ҝе- ЕЈ) +Р, (һе ВЈ) +> (6) 


Equation (6) defines J as an implicit function of е, whereas 
we require its formulation as an explicit function. This 1s 
accomplished by inversion of the series (6); the simplest method 
is to assume an explicit expansion of the form: 


Ј=ае+ае+азе+ `` (7) 
substitute this series for J in (6), and identify the unknown 
coefficient by direct equation of like powers of e. 


Proceeding in this manner we get the following values for 
the first three coefficients: 


a _ BP, 
^ 1+PR 
и? Po 
popu 7 8 
e5 FPR) | (8) 
с и? Рз E и? P, 
° (LP (1+2, А)? 


These coefficients have a clearer. physical significance if we 


write: 
Г |] 
p= (26) = 


Ча о жы 
^ 2n 0 Ey Relo IIR? 
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(9) 


In accordance with common practice R, is to be regarded and 
defined as the internal resistance of the tube or more precisely 
of the plate-filament circuit. 

With this notation: 


Е m 

“T RSER (10) 

LAR. Re 

] 2! (R,-- Е)? 

and 
He 1 œ R/R, . : 
= ux ыг dai 0 5! мм. 11 

R+R 2108,8) 8 Т ay 
The higher order coefficients a3,a:, . . . can be evaluated 


without any trouble; for the present, however, we are concerned 
primarily with the first two coefficients a knowledge of which 
is sufficient to construct an elementary theory of the operation 
of the device. In fact, the higher terms of series (11) represent 
as may be readily shown, departures from the ideal device in 
any of its three functions under consideration, and satisfactory 
operation requires that these higher terms shall be small. Asa 
first approximation we are justified, therefore, in ignoring all 
terms of the series (11) beyond the second; subsequently, if 
necessary, the error introduced by their ignoration ean be exam- 
ined. We therefore proeced to a discussion of the operation 
of the device on the basis of the approximate formula: 


o= e 2, 1s8RR, 
"RR 2(RERy* (12) 


In dealing with the problem it is convenient to take the im- 
pressed emf. е as 


А cospt+B cos qt (13) 


If we are concerned with amplification the two components of 
e may be regarded as of the same order of magnitude and com- 
parable frequencies; if modulation is under consideration В cos qt 
may be regarded as a carrier wave of radio frequency and 
A cos pt as a signal wave of audio frequency; while as regards 
detection the form of e given by (13) 1s appropriate for a study 
of heterodyne receiving, in which case the two components are 
to be regarded as both of radio frequency with a frequency 
difference within the audible range. 
Substitution of (13) in (12) and simplification gives: 
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1 f 
Retro cos p t+. B cos T7 


oe ; — 


_ 1 Р, R, + At cos 2pt+ 5 l B cos 2 qt (14) 
—.2(R,4- Ry 
m 2 = 2 
+54 +B 


which may be also written as | 
1 
ЖГ A cos pt +puB cosq ] 


Ja A B cos (q— p) t 
-- A B cos (q-- p) t 


ІР, Р, 1. ү. h 


1 ر‎ lp 
Fg 4 + 5B 


Formulas (14) and (15) are fundamental to the following 
elementary discussion: 


AMPLIFICATION 


In amplification the fundamental requirement is that the 
output shall be a faithful copy of the voltage applied to the 
input circuit. Consequently, corresponding to an applied vol- 
tage as given by (13) the amplified output is to be identified 
with the term: 


1 : 
uu cos pt +r B cosq } (16) 


of formula (14) while the remainder represents first order dis- 
tortion. 

The outstanding deductions from formulas (16) may be stated 
as follows: 

The effect of impressing a voltage e on the input circuit 
of a three-element vacuum tube of internal resistance R,, ampli- 
fication constant » and load impedance R, is equivalent, to a 
first order approximation, to inserting a voltage (# e) ina circuit 
of resistance R,+R. 

The available amplified voltage across the load resistance 


H R pte? 
RR (RFR) < 


The latter is a maximum when R=R,, a result stated by van 
der Bijl. 


is e and the available output energy is 
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As regards the first order distortion, it is proportional to the 
curvature of the resistance characteristic of the tube. It dim- 
inishes with increasing load resistance as stated by van der Bijl; 
it diminishes also with a decrease of the amplitude of the im- 
pressed emf. The curvature of the characteristic, while respon- 
sible for the departure of the device from ideal requirements as 
an amplifier, at the same time makes possible its employment 
as a modulator and detector. 


MODULATION 

In discussing the phenomena of modulation formulas (14) 
and (15) are applicable as they stand, but in this case B cosqt 
is to be regarded as a carrier wave of radio frequency and A cos pt 
as à signal wave of audio frequency. Examination of formula 
(14) shows that the only terms of the same order of frequency 
as the carrier wave are: 


и? n R, 
is (f, 4- R) 


The other terms may be disregarded since, owing to their fre- 
quencies, they are suppressed or filtered out by the usual tuning 
adjustment. 

Inspection of (17) shows that the first term is an unmodulated 
carrier wave of constant amplitude while the second is the 
modulated output proper; that is, a carrier wave the amplitude 
of which varies in accordance with the signal wave. As regards 
the modulated output the obvious deductions from (17) are as 
follows: 

Its amplitude is proportional to the product of three factors 


(u? R,! R,) - (АВ). | Pen X) 


The modulated output is therefore proportional to the curvature 
of the characteristic, R,’, and decreases rapidly as the load re- 
sistance 1s increased. The presence of the factor AB leads to 
the important practical deduction that the modulated output 
is independent of the relative amplitudes of the carrier and 
signal waves provided their product is constant. 


„B cos qt — А B cos pt · соѕді (17) 


The available modulated voltage is proportional to 


= № = : 
(„+ Ry 


this is a maximum when the load resistance 1s adjusted to make 


1 
R= 2 Р. 
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The available modulated energy is proportional to ders 


this is a maximum when the load resistance is adjusted to make 
1 

R == R,’ 
5 


These last two deductions which are valid also for detection, 
are of considerable practical importance in designing the load 
impedance for efficient operation. While approximate in that 
they are based on the neglect of higher terms, it is believed that 
they are in substantial agreement with the facts. In any case 
it is to be observed that the presence of higher terms must 
operate to cause a departure from the ideal modulated wave, 
so that we are justified in regarding (17) as representing the true 
modulated wave, the conditions for the maxima of which are 
substantially as given above. 


DETECTION 


The phenomena of detection are identical with those of 
modulation, with the essential distinction that we are concerned 
with a different order of frequencies in the output; consequently 
formulas (14) and (15) are adapted as they stand to investigate 
detection by the heterodyne method. In this case, however, 
A cos pt and B cos q are both to be regarded as waves of radio 
frequency, while the detected output is required to be within 
the audible range. Consequently discarding the radio frequency 
terms of (15) the detected wave is made up of: 


1m Р, 
2 (Ro+ R)’ 
To fix our ideas let Acospt be the transmitted wave, 


and В соѕді a locally generated wave; then the first term 
of (18) represents the familiar "beat-note" characteristic 


[A В cos (q— p) t+ zu ip (18) 


of heterodyne reception. The term 5B? represents merely 


a steady value which may conveniently be lumped with the 
steady current I, and excluded from explicit consideration. 


The term 4 represents a change in the normal plate current 


for the duration of the signal and it alone is cognizable in the 
absence of the locally generated wave. 

Formula (18) furnishes an immediate answer to a question 
which has been discussed at some length in the pages of this 
Journal; namely, the theoretical amplification obtainable by 


194 


means of a locally generated wave. To answer this question 
we observe that in the absence of the locally generated wave, the 


detected effect is proportional to At while when a locally 


generated wave of amplitude B is present the detected current, 
assuming A as small compared with B, is proportional to A B. 
The ratio = may be logically regarded as measuring the 
“heterodyne” amplification, and shows that theoretically it 
increases without limit as the amplitude of the local wave is 
increased. Practically, of course, it is limited by the necessity 
of keeping within the operating range of the tube. The theoreti- 
. eal law is, however, in agreement with the fact that enormous 
amplification is obtainable by the heterodyne method. 

When a modulated wave is to be detected we may identify 
e of formula (12) with an expression of the form: 


А B cos qt: cos р {+С cos qt 
where the last term 1s an unmodulated carrier wave and the first 
Is à wave modulated in accordance with the signal wave A cos p t. 
Substituting in formula (12) and retaining only terms of audio 


frequency (those comparable with 2- the detected output is: 


— 
ae 


hu cos pt 


lw В, Б, 
— 


1 
+ А? B? cos2 pt (19) 
1 
+4 
Bearing in mind that B апа С represent constant amplitudes 
of the carrier waves, the first term of (19) is directly proportional 
to the original modulating signal wave; the second term repre- 
sents a wave of double signal frequency while the last two terms 
of zero frequency are relatively unimportant and indeed are 
usually eliminated, as for example, by a transformer. Observe 
that in the absence of the unmodulated carrier wave of ampli- 
tude C, the detected effect is of double frequency; consequently 
it is obviously desirable to make C large in order to preserve the 
wave form of the signal wave. 
The foregoing discussion is frankly elementary and makes 
no pretense to being more than a rough approximation to the 


? See PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS; volume 1, 
number 3, pages 89, 100; volume 3, number 2, page 185; volume 5, number 1, 
page 33; volume 5, number 2, page 145; volume 5, number 4, page 247; vol- 
ume 6, number 5, page 275.— EDITOR. 
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complicated phenomena. It is believed, however, that it fur- 
nishes a good working theory and is in substantial agreement 
with the phenomena which it represents. 


GENERAL SOLUTION 

We shall now take up the more involved case where the load 
impedance 2 is unrestricted in form and is merely any specified 
function of the frequency. To formulate the solution of this 
general case we start afresh with the series expansion (3), our 
problem, as before, being to express J as an explicit function 
of the impressed voltage e. To make the treatment general, 
the applied voltage e will be taken as a series of component 
sinusoids of the form 


k=n 
bl | IE,| © cos (p,t +0) 


which will be written in the exponential form: 


1 К=п | 1 k-n o | 
C= E, emt Уу, pee (20) 
2 k=n 2 k=1 

Here the bar denotes the conjugate imaginary of the correspond- 
ing unbarred symbol and the entire expression is, of course, real 
and equivalent to the cosine summation above. 

If the voltage formulated by (20) is applied to a circuit of 
symbolic or complex impedance z, the resultant current 18 


gis eJ ркі 
2 pots 20 2 +5 D De) 


which will be written as 


—J ркі 


] e E, gi Pee dz 1 vl 
2 Zk 2 :ت‎ 


The convenience of this notation will become apparent in the 
course of the argument. 4 is, of course, supposed to be defined 
as a complex quantity. 

Starting with the expansion (3) let us set 


J=JSitdetds+ ° ° ° tJat 

БА tu е c ° ° cunda 
and substitute in (3). The significance of the series formula- 
tion of J and v will become apparent in the course of the argu- 


ment. 
At present we observe that the component terms of the 


(21) 
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series (21) are unrestricted except by the necessity of satisfying 
(3) and the relation obtaining between J and v, namely, that v 
is the potential drop, with sign reversed, of the current J thru 
the load impedance z. 

Now let the components of the J and v series be determined 
to satisfy the following system of equations: 


= Р, (ne+r,) 
Ji Py v P: (p en) 
Јз= P, v31-2 Р» (& е-+Еһ,) tot P; (u e+)’ 


(22) 
J= Piv +2 Р» | (e+) m+ vs + T d 


+3 P, (e+) v 
° +P, (7 e+v,)4 


Direct addition by columns of (22), regard being had to the 
identities of (21), shows that (22) satisfies (3) and is, therefore, 
a formal solution. The law of formation of the right hand side 
of each equation will be clear; thus the 2" equation includes 
all terms of order е^ i ac, ъъ Or all values of k and А from 0 to m. 
We have further to satisfy the relation obtaining between J 
апа v; this will be accomplished if we identify any v, with the 
potential drop corresponding to any component Jy. 
Now writing Р, = р as above, (22) becomes 


R,Jı— n = pe 
ЕЈ v, R, Р» (p e+)? (23) 
Ry J3—v3=2 R, P: (2 е-Ег)) v+ R, Ps (# еф)? 


Bearing in mind the assumed physical significance of (ће 
v series, it follows at once that any equation say A" is simply 
that of the current J, in a circuit of impedance R, +z in response 
to a voltage given by the right hand side of the equation. The 
recognition of this fact furnishes the key to the complete formal 
solution for J. 

To carry this out substitute e as given by (20), in the first 
of (23); then it follows at once that 


1 жо 
z ри. К g~ kt 
Л= з У 77 I ned Том Ry + 2% | 
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If we write 


Kyte, =Z, 
KE. =O, 
Rot 2% ` 
irc “Е, Paty 1 yn —jpel 
then: -D y e + < 
and (24) 


n=- У о Е," — 5 У np Een 


Equations (24) state that to a first order approximation the 
effect of impressing a voltage e on the input circuit of a tube of 
amplification constant и, internal resistance №, and load imped- 
ance 2, is equivalent to inserting a voltage ^ e in a circuit of im- 
pedanee R,+z=Z. This is the generalized form of the law 
already stated when z is a pure resistance and shows that this 
restriction is unnecessary. J is, of course, to be identified with 
the amplified output current of the ideal amplifier. 

By virtue of (24) and (20), the right hand side of the second 
equation of the system (23) is known; it is after easy simplifica- 
tion: 


(1—6,) (1—*,) E, E, si "^ * ?! 

= R, Pa NO 5 +(1—9) (1—«,) E, E, po (25) 
| ка. (1—0,) E, E, € Pens 
+(1 — 0) (1 — 0.) Е, E, e (рь рк)! 


The last two terms of the double summation are the conjugate 
imaginaries of the first two, respectively. This expression may 
be regarded as the applied emf. which generates the current Je; 
consequently J: and v; are given by 


=) о) (1—0, (1= y, E, ef m 1%) 
Zh k 


+ (1-9) (1—9,) Е, Ё, el (TA— pit 


у, ЭУ » Zi -k 

МЕ E | 

. 4 hal kar} 4 (1—0) (1-94) y, pj e Pat dl 
Er 


Zak 
| + (1—о,„) (1—*,) En E,s —-J(p4 — рк) 
n-k | 


(26) 
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9 (19) (17-9) E, E, elt 

JS P. кеп рор (1—9,) (1—9,) E, E, gj (Pa — PR)’ 
murio o 
h=1 k=] Hn ы (1—0) (1—0) E, Epe T FP 
o, 4. (1 —0,) (1 — 0L), 0 є Jm — pit 
(27) 
In these summations Z, +; denotes the complex impedance 
Ph Pk. 
2- 


of the circuit R,+z to the frequency : Za- denotes 


Ph— Pk 
2- 


ae 


that to frequency ; while in accordance with the nota- 


tion adopted 


z (j (pi mi) ) ИСТС 


O, pp R СУЯ | 
otZ(j(patpe)) Rot2h+k 

With ve determined by (27) the right hand side of the third 
member of the system (23) is known and consequently the third 
order components J; and тз сап be written down. Owing, how- 
ever, to the complexity of the resulting expressions a more com- 
pact notation is required, and the following symbolic notation 
commends itself for this purpose. If we let a negative sub- 
script attached to any symbol denote the conjugate imaginary 
of the same symbol with positive subscript and extend the sum- 
mations over negative as well as positive values, we write 


1 k=n | 
—Ó У E, gi Pk! 
2 k= —n 


which is equivalent to (20). In this same notation J; and n 


are given by 
k=n 


> У, 7! gi Pel 
9 benna 
—p 
u= — M 0 LEE cJ kt 
2 k= —n 


while Je and т become: 


J= Re У ui а—%)(1—%), Е, = eJ (РА рк)! 
h= —n k= —n Zh +k 


пы 4*57-n 
Vo = — ——— Ў 0, TE 1—^,) 
4 h= —n k= =n i ( | 

(1 —%,) Е, E, чл н 
These last two equations are equivalent. to (26) апа (27) re- 
speetively. 
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The right hand side of the third member of (23) becomes: 


m. R, NC h —n , 
"P e У” (Pa 2R Pè" 4) 1—9) 17) 
(1 —0,) Е, E, E, г) (Ро + ра + рк) 
by aid of which J; is given by: 


р? 5 а= h 2n ken P,— 2R, | 0 h+k R Y 
У » PW MM T m cce peso Cem) 


(^ —n h= —n 
(1—0). (Е, E,E, 22 (Po t p pit 


It is to be regretted that the complexity of the formulas re- 
quire such an abbreviated notation, but this is inherent in the 
nature of problem and I know of no other system of symbolic 
notation by which the results can be written down in compact 
form. Asa check on this solution we can put the load impedance 
z equal to a pure resistance R, in which case the general solution 
degenerates into a term by term identity with the series solution 
derived in the first part of this paper. The complexity of the 
general solution is of course due to the presence of harmonic 
frequencies and the fact that the load impedance is a frequency 
function instead of being a constant. 

The solution, it should be observed, while formally correct, 
is Incomplete without an investigation of the convergence of 
the J and v series, a rigorous discussion of which is beyond the 
scope of this paper. It ean be shown, however, that the formal 
solution is a Fourier series, the coefficient of each term of which 
is an infinite convergent series within the range of convergence 
of the expansion (3). The range of validity of the formal general 
solution 1s, therefore, defined by the region of convergence of 
the original expansion from which it was derived. 


September 9, 1918. 


SUMMARY: Starting with a functional relation between the plate current 
and the grid and plate voltages, the plate current variation is deduced to a 
sufficient degree of approximation in terms of constants of the tube and the 
grid voltage variation (for pure resistance in the output circuit). 

The requirements of amplification, modulation, and detection are then 
deduced from the equations obtained. Heterodyne amplification is discussed, 
and it is held that within the working range of the tube this amplification is 
the ratio of the amplitudes of the locally and remotely generated waves 
provided the latter is small as compared with the former. 

The general problem of output current variation with an impedance in 
the output circuit is then considered, and the production of harmonic fre- 
quencies noted. 
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RECEPTION THRU STATIC AND INTERFERENCE* 


BY 
Roy A. WEAGANT 


(CHIEF ENGINEER, MARCONI WIRELESS TELEGRAPH COMPANY OF AMERICA, 
NEw YORK) 


Since the birth of radio telegraphy, serious difficulty in re- 
ception has existed due to natural electrical disturbances. These 
disturbances produce in the receiving telephones crackling noises 
which drown out the signal and are commonly called static, 
atmospherics, or strays. In what follows the word “static” 
will in general be used in referring to these disturbances, what- 
ever their nature or origin. 

As the distance over which radio telegraphy was worked 
increased, and it became necessary to use increasingly longer 
wave lengths, it was found that the troubles from static con- 
tinually increased and in the case of the most important of long 
distance circuits, namely those between Europe and the United 
States, caused such great interruptions to the service that the 
continuity of communication compared very poorly with that 
of cable working. It was found that static disturbances were 
most severe in summer and less troublesome in winter, also 
that they displayed a daily variation in intensity, being at a min- 
imum between sunrise and noon, and increasing very rapidly 
to а maximum about sunset, from then on remaining practically 
constant until shortly before sunrise when the intensity fell off 
very sharply to a minimum again. 

Accumulated experience shows that these disturbances are 
more severe in locations near or in the tropics than in those of 
the temperate zone or frigid zone, and also that at any given 
location they vary from day to day somewhat in accordance with 
the variations in temperature, being greater on warm days and 
less on cool days as a rule, altho not invariably so. 

A great deal of study has been made in attempts to determine 
the nature and origin of these disturbances and innumerable 
attempts to secure methods of reducing their effects at the re- 

*Received by the Editor, March 4, 1919. Presented before THE 
INSTITUTE OF RADIO ENGINEERS, New York, March 5, 1919. 
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ceiving station, but so far as the writer is aware, no success of 
a major order was obtained with any of these methods prior 
to the work which is about to be described. One of the most 
common of these previous arrangements known to the writer 
made use of a transmitter of undamped waves and beat reception. 
How far short of meeting the situation in trans-Atlantic working 
this method fell, may be judged from the fact that from June to 
October good reception from such continuous wave stations as 
Carnarvon, Wales, and Nauen, Germany, was usually possible 
only between sunrise and noon, while during the rest of the day 
it varied from very poor to totally impossible. An idea of the 
magnitude of the problem to be met can be gathered from the 
fact that during these summer months the energy collected by 
a receiving aerial from static is often many thousands of times 
as great as that of the normal signal from the above-mentioned 
stations. 

It is a well recognized fact that static disturbances are of 
different sorts which are apparently due to a variety of causes, 
and of these different varieties those due to local lightning and 
snowstorms will be dismissed for the present with the state- 
ment that they occur so infrequently as to be of negligible conse- 
quence. There then remain three other major types which have 
been generally recognized and which Eccles has classified under 
the names of “grinders,” "clicks," and “hissing.” The last of 
these types, due generally to an actual discharge from antenna 
to earth, produces very little disturbance and is not present 
when antennas are used which have no earth connection. Of 
the two remaining types, namely, the grinders and the clicks, 
it is found that the former constitute the major source of diffi- 
culty in the reception of trans-Atlantic signals, the intensity of 
which is that of Nauen or Carnarvon, and when the receiving 
station is located in the United States. It is this form of static 
which rises to overwhelming intensity in the summer months 
and which has hitherto produced such serious interruption in 
trans-Atlantic radio communication. It should be noted, 
however, that both types of static are generally present, but 
that as the grinders increase in intensity, in general the clicks 
diminish. As will develop in the course of this paper, these two 
types of static are, apparently, of totally different nature and 
origin. | 

To make clear the various steps in the developments which 
are to be described, reference to certain fundamental facts, which 
are a matter of common expcrience in radio reception, is neces- 
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sary, and, briefly, to various methods of overcoming static 
troubles which have been tried. In this latter respect it 1s not 
to be understood that an exhaustive statement of all the various 
methods of solution is presented nor an accurate comparison of 
their relative values, but mereiy such reference as Is necessary 
in order to trace the steps of the writer’s work. It is also to be 
understood in what follows that the major portion of the work 
which is here referred to has been with signals from Europe of 
wave lengths varying between 5,000 and 15,000 meters. Some 
work has also been done with shorter wave lengths and the 
results secured were in substantial agreement with those ob- 
tained in the range above mentioned, but this work has not been 
of an exhaustive nature. 


FIGURE 1 


Referring now to Figure 1, there is outlined a simple form of 
common receiving system, the elements of which need no de- 
scription. When such a system is tuned and adjusted to give 
best response to the incoming signal it is found that the dis- 
turbances from static are also invariably a maximum, regardless 
of the frequency to which the system is adjusted. А study of 
the behavior of such a system when acted upon by static very 
clearly brings out the fact that the disturbing currents which 
flow therein have a period and damping which is determined by 
the circuit itself; a fact which shows that the disturbance is in 
the nature of a shock, the system, when so shocked, vibrating 
in a way which is analogous to that of a tuning fork struck by 
a hammer. 

It is curious to note the number of experimenters who, while 
apparently recognizing this principle, immediately attempt 
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to secure relief from static disturbances by detuning methods 
which result simply in the reduction of both signal and static 
currents in substantially equal proportion, and consequently 
with no appreciable improvement. This result is due to the 
fact that while detuning the aerial circuit does not reduce the 
intensity of the static in the antenna circuit, it does change the 
frequency of the currents due to it; and the loss in transfer of 
energy to the secondary circuit, since the latter 1s tuned to the 
frequency of the incoming signal and therefore a different fre- 
quency from the detuned antenna, is of exactly the same order 
as the loss in intensity which the signal currents experienced 
when the antenna circuit was detuned. Another simple expe- 
dient which has been resorted to, has been the employment of 
loose couplings between the antenna circuits and the secondary 
circuits, and this method does give some help when the difference 
in damping between the signal currents and static currents Is 
marked. Attempts to make this difference as large as possible 
have been made, involving the introduction of resistance into 
the antenna and secondary circuits, but this always results in 
the reduction of both signal and static currents by a substantially 
proportional amount, with a resulting negligible order of improve- 
ment. <A large number of arrangements with which it was 
hoped to secure differentiation, and depending on this principle 
of difference in damping of the two currents involved, have been 
tried but, so far as is known to the writer, without important 
results. 

Another fundamentally incorrect method of attack is that of 
differentially combining two circuits, of which the Fessenden 
interference preventer circuits shown in Figure 2 are typical. 

The antenna circuit here shown is split into two branches, 
each coupled to а common secondary and detector circuit, or 
these individual branches may be connected to two different 
antennas. One of the branch circuits was supposed to be de- 
tuned slightly with respect to the incoming signal, materially 
reducing the signal current in that branch, but not appreciably 
affeeting the static current, which was assumed to be a forced 
oscillation and which would not therefore have either its fre- 
quency or intensity affected by an amount of detuning which 
would greatly affect the signal. The remaining static currents 
would then, supposedly thro the common coupled circuit con- 
nected in opposition, cancel the static due to the other branch, 
leaving a signal current equal to the difference between that 
existing in the two branches. Several other methods of adjust- 
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ment were proposed, among which was that of adjusting one 
branch to a period slightly below the incoming signal, and the 
other to a period slightly above it. There are many fallacies 


FIGURE 2 


in this proposal, but it 15 sufficient for present purposes to point 
out the facts stated in connection with Figure 1, namely, that 
the detuning of one branch circuit affects the intensity of both 
the signal and static currents in the secondary circuit in the same 
ratio, and the additional fact that if one circuit is tuned to a 
period differing from that of the other, the frequency of the static 
in the first named circuit is different from that in the other cir- 
cuit, and two alternating currents of different frequencies ob- 
viously cannot neutralize each other, but on the contrary, in 
order that such neutralization may be accomplished it is neces- 
sary that the emfs. which are to equalize each other must be of 
the same frequency, the same wave form, and of opposite phase. 
Also when these emfs. are due to the flow of damped oscillating 
currents, these currents must have the same damping factor. 
If this requirement is complied with in the arrangement of 
Figure 2, the static currents will cancel out but so also will the 
signal currents. Many variations of the arrangement of Figure 
2 have been tried, including some in which the differentiation 
is attempted in the audio frequency instead of the radio fre- 
quency circuits, but if any of them have seemed to work, the 
result secured has been entirely due to the looseness of coupling 
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Other investigators have attempted to secure relief from these 
disturbances thru the use of detectors of different characteris- 
tics, differentially connected, as in the balanced crystal and 
valve methods of Round, and in this way some appreciable 
improvement from the point of view of the operator has been 
effected by limiting the maximum noise, thus saving the opera- 
tor’s ear from the dulling effects of the heavy strokes of static 
but not thru a real differentiation between the static and signal 
currents. Devices of this general class are sometimes referred 
to as maximum limiting devices, the idea being that adjust- 
ments shall be so made that the arrangements are unable to 
respond to currents of much greater intensity than those due to 
the signal and therefore are irresponsive to the heavy strokes of 
static. It is a well-recognized fact that a signal is easily readable 
when static energy is anything less than from three to six times 
that of the signal, depending upon the capability of the par- 
ticular operator who is receiving, and upon the quality of the 
note which the signal produces. In connection with the beat 
method of reception of undamped signal waves, it is of interest 
to note that a useful effect can be realized by changing the pitch 
of the note from time to time, due to the fact that the ear, like 
the eye, grows tired after awhile, of a particular rate of vibration, 
and so responds better when occasional changes are made. 

This idea of a maximum limit, as usually stated, and so far 
as an implied change of ratio of static to signal is concerned, 
appears to the writer to be fallacious, due to the fact that while 
it is possible to construct devices which will limit the current 
thru a given circuit or the emf. across chosen terminals to a 
definite amount, as usually practiced the current limited con- 
sists of a mixture of both signal and static energies in exactly 
their original proportions. 

In addition to the investigations of circuits of various sorts, 
much work has been done in determining the usefulness of 
various sizes, shapes, and types of aerials. Many have con- 
ceived the idea that relatively low aerials of the common types 
might give a material improvement in the signal-to-static ratio 
as compared to those of greater height and size commonly em- 
ployed, but the general experience does not confirm this hope 
when the difference is a matter of size only. Differences of 
form, however, have been found to be of appreciable conse- 
quence and much work has been done with a large number of 
these forms, of which two at least show important and definite 
advantage as compared with the usual vertical arrangement as 
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regards this ratio. These two types are the closed loop antenna 
shown in Figure 3 and the horizontal linear aerial shown in 
Figure 4. 


FIGURE 3 


Among the early workers with the loop were Bellini-Tosi and 
Braun, both of whom brought out interesting facts in connec- 
tions with its capabilities in the matter of directional working, 
but neither of whom, so far as the writer is aware, have reported 
particularly with respect to its operation under static conditions. 
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The advantage of this type of antenna was first brought to the 
writer’s attention some years ago thru work which he was carry- 
ing out with the Bellini-Tosi directional antenna system, and 
which showed that the closed loop antenna had a signal-to-static 
ratio two or three times as good as the same antenna when 
tuned to earth. 

The horizontal linear aerial of Figure 4, which was first used 
by Mr. Marconi, was used by the writer during some work con- 
ducted in the spring of 1914 at the New Orleans station of the 
United Fruit Company, and gave a distinctly better ratio than 
a large earthed antenna, and later comparisons with the loop 
showed the two to be substantially identical in this respect. 
This identity of signal-to-static ratio called the writer’s atten- 
tion to some other features of similarity existing between these 
two types of aerial. The usually accepted explanation of the 
working of the horizontal aerial is that the wave front of the 
signal wave is tilted forward and that consequently there is 
a component of electric force in the direction of its length. It 
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the nena) methods of explanation do not account for, nam.-:v. 
that when an aerial of this type is laid on the ground, or burned 
Wade neath И, ite effertivences ae an antenna does hot increase 
indefinitely with length but rapidly reaches an optimum value 
dependent on the circursetances obtaining. This can readily 
he neeounted for under the present hypothesis by the fact that 
na the length inerea its capacity to earth increases and at 
mant pint becomes sufficient to close the loop. 

Ах thin capacity increases, however, the currents originating 
in the inereased length have various paths in which to flow, 
ane of which includes the receiving apparatus, but others which 
nre thro the enpueity to earth between the conductor and the 
receiving apparatus, and the larger this gets the greater is the 
proportion of the currents originating in the ends of this antenna, 
Which nre diverted and do not flow thru the receiving apparatus. 
Thin method of considering such an antenna is further sup- 
ported by the fact that the greater the capacity per unit of length 
Which exists between the conductor and the true underlying 
enrth, the shorter ін the maximum length which can be used to 
nilvantage, "This enpacity is a maximum of course when the 
nntennn in netually buried in the ground or under water, be- 
coming less when the wire is run on the surface of the earth and 
UL denm when the wire is suspended at some height above the 
enrth, tests having shown that wires suspended some 10 feet 
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(3m.) above ground can be used up to some six miles (9.6 km.) 
in length, the signal increasing with length; that a length about 
one-half of this is effective when the wire is laid on the ground 
and of approximately 2,500 feet (760 m.) when the wire is placed 
under brackish water. 

I have also found that as the distance of such an antenna 
above ground is increased, its action becomes more nearly that 
of an ordinary antenna, and that therefore on account of its 
position relative to the incoming signal, it becomes less effective 
in collecting this signal energy. 

While the two forms of antennas just referred to result in 
a distinct and important advance over other types of antennas, 
the improvement in results secured there from falls very greatly 
below that which is necessary to meet the conditions of continuous 
trans-Atlantic reception. 

Another method of attack is the screen arrangement suggested 
by Dieckmann and de Groot which has no basis, so far as the 
writer can see, for differentiating between static and signal, 
but must, if it has any effect at all, operate on both alike. 
Furthermore, in attempting to investigate screening arrange- 
ments of this sort, it has been found that the problem of screen- 
ing out an electro-magnetic wave of any sort, either signal or 
static, is not solved by the methods mentioned by them. 

One of the most important investigations of static effects 
was that carried out by Mr. C. H. Taylor, of the Marconi 
Company, in which the Bellini-Tosi direction finder arrange- 
ments were used in an attempt to find out in what, if any, 
horizontal direction static disturbances were propagated. Altho 
this work showed that at times there was some definite evi- 
dence of direction of propagation, it did not warrant the hope 
that a successful method of separation could be based thereon. 
The writer’s observations made at this time, and with the same 
installation used by Mr. Taylor, and with a similar arrangement 
erected at the Marconi Company’s New Brunswick station, 
showed that so far as the dominant type of static—namely the 
grinders—was concerned, no direction whatever could be found, 
but on the contrary there appeared to be an equality of dis- 
turbances from all points of the compass. А further check on 
this result was made at this time by rotating a loop, shown in 
Figure 6, about a vertical axis; this also showed equality of 
average disturbances, regardless of the direction of the plane 
of the loop and led to the conclusion that if static disturbances 
of the grinders type were being propagated horizontally, they 
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must be moving in all possible directions; that is to say, one 
stroke might arrive from the north, the next one from the east, 
a third from the west, and so on, these occurring at random 
in such rapid succession as to give no opportunity to deter- 


Yo Jetvecior 
FIGURE 6 


mine their direction. There appeared to the writer, however, 
another possible explanation of this result, which is that these 
disturbances instead of moving horizontally, might be moving 
in a vertical direction, the source being under foot or over- 
head. This latter possibility was of exceptional interest since, 
if it were correct, the direction of propagation of static waves, 
assuming of course that they were waves, would be at right 
angles to the direction of propagation of signals, and such a 
difference might conceivably be used to separate the two. 
Steps were then taken to determine which of the two possible 
explanations given above was correct, and the investigation 
seemed to establish clearly and definitely that static. of the 
grinders type produces effeets similar to those which would 
be produced by electro-magnetie waves originating overhead 
or under foot and propagated in a direction perpendicular 
to the earth's surface at the point of observation. This 
investigation also established that statie currents produced 
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in loops, the planes of which are perpendicular, cannot be 
combined to neutralize each other, which result can be explained 
by assuming that the electro-magnetic waves responsible for 
static currents are heterogeneously polarized; that is, the axes 
of the oscillators producing them assumed all possible angles 
in space. To sum up then, these results showed that static dis- 
turbances of the grinders type behaved as tho due to heterogeneously . 
polarized, electro-magnetic highly damped waves propagated in 
a direction perpendicular to the earth's surface. 

The apparatus and method used in this investigation resulted 
in a perfectly practical receiving system which, while retaining 
useful amounts of signal currents, enormously reduced the cur- 
rents due to static of the dominant type. The methods and 
apparatus used in carrying out these tests were as follows: 

Two single turn loop antennas were erected 400 feet (122 m.) 
high each with a base line of 1,000 feet (305 m.) and their centers 
approximately 5,000 feet (1,520 m.) apart. These loops were 
in the same plane and the line connecting them was in a direction 
toward the Carnarvon station of the English Marconi Company. 
This arrangement is shown schematically in Figure 7. Leads 
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were brought from the loops to a receiving station midway be- 
tween them. These leads, which were six feet (1.82 m.) apart, 
and in the same horizontal plane, were supported by poles about 
ten feet (3.05 m.) high. The diagram of connections is shown 
in Figure 7. 

Connection from the leads were made thru inductances 
Lı, Le, Із, and Ly symmetrically arranged relative to the coils 
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Ls and Гл, which were arranged perpendicularly to each other, 
as shown in Figure 8. The winding of each fixed coil Ls and 
Іл was divided into two equal parts, and condensers Сз С, 
inserted between the halves. Associated with the two fixed 
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coils was a third coil Lg capable of rotation on a vertical axis, 
the three coils constituting the well-known Bellini-Tosi gonio- 
meter. In the circuit containing Lg were condensers C$, and 
coupling coil L4 which was associated with a receiver of con- 
ventional type with valve detector. The theory of the tests 
made with this arrangement is as follows: 

Assuming that static waves were traveling perpendicularly 
to the earth’s surface, then the electromotive forces generated 
in the two loops would be equal in intensity and of the same di- 
rection at any instant, and therefore if the circuits were properly 
tuned, the resulting currents in the system would be in phase. 
The emfs. generated by the signal would, on the other hand, be 
out of phase by an amount depending on their distance apart, 
and a maximum if this distance were one-half the length of 
the wave received, since the signal wave would arrive at the 
antenna nearest the transmitting station before it would arrive 


218 


at the antenna farthest away from the transmitting station. In 
other words then, the static waves would arrive at the two an- 
tennas at the same time, while the signal waves would arrive 
at the two antennas at different times. It therefore follows 
that if, at the receiving station, connections and adjustments 
were so made that the emfs. generated in the rotating coil Lg 
by static disturbances were equal and opposite, the emfs. gen- 
erated by the signal currents would not be equal and opposite, 
but would combine, giving a resultant depending on the sep- 
aration of the loops. If this separation were one-half wave 
length then the emfs. generated in coil Lg by the signal currents 
from each loop would be in phase and would therefore be equal 
to the arithmetical sum of these two emfs. If the loop separa- 
tion were equal to one-quarter of a wave length, then the emfs. 
acting on the coupling coil would be 90 degrees apart and the 
resultant would be equal to 1.4 times that of the individual 
emfs.; that is, they would continue in quadrature. If, on the 
other hand, the hypothesis that static of the grinders type ar- 
rives from all possible azimuthal angles, and in a horizontal di- 
rection, were correct, then the static currents arriving at the 
receiving station from the two antennas would be out of phase 
an amount depending on the separation of the antennas and the 
azimuthal angle which the direction of their propagation made 
with the base line of the system. 

If the apparatus in the receiving station were assumed to be 
adjusted in such a way that the signal currents were combined 
vectorially and in accordance with the aerial separation, then the 
static currents would be similarly combined; and the curve of 
reception of the system so adjusted for static impulses equally 
distributed in all azimuthal angles would be that of Figure 9, 
which is nearly the same as that of a single loop antenna, and 
therefore the whole system would show nearly the same signal- 
to-static ratio as the single loop. If, on the other hand, adjust- 
ments were so made that the phases of the currents from one 
loop were shifted a suitable amount with respect to the phases 
of the current in the other loop, then the curve of reception would 
change from that of Figure 9 to that of Figure 10, which indi- 
cates that reception through one-half of the azimuthal angles 
has been moderately reduced, and which would therefore give 
rise to an improvement in the signal-to-static ratio of the whole 
system as compared with the single loop of the order of the de- 
crease of the area included by the curve of Figure 10. It will 
thus be seen that under the three sets of conditions specified 
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and under the two hypothesis considered, there were three pos- 
sible results, namely, a very large improvement in the signal-to- 
static ratio under the first hypothesis, a small improvement if 
the second hypothesis were correct, and the first method of ad- 
justment followed, and a moderate order of improvement under 
the second hypothesis and the second method of adjustment. 
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Referring now to the arrangement actually used, the spacing 
between the loops was slightly over one-quarter wave length, 
for a wave length of 6,000 meters, which was that used by Nauen 
during some of the tests. Signals were also received from Nauen 
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at 12,000 meters, Clifden 5,600 meters, Carnarvon 14,000 meters, 
Eilvese 9,600 meters, and Glace Bay 7,600 meters. In all 
cases it was found that when the adjustment of the circuits 
was so made that static disturbances of the grinders type were 
cancelled or reduced to a minimum, the signal received from the 
two loops combined, as might be expected from the spacing 
between them, and the wave length of the incoming signal. 
In the case of the 6,000-meter signal from Nauen, the resultant 
signal was approximately forty per cent greater than that due 
to either aerial alone, while in the case of Carnarvon, with a 14,- 
000 meter wave length, for which the spacing was equal to only 
one-nineth of a wave length, the resultant signal was materially 
less than that due to either loop alone. 

Since the order of improvement of the signal-to-static ratio 
of the system as a whole was very great as compared to the 
single loop, and consequently a given signal was readable thru 
static disturbances of a very much greater order than was pos- 
sible with the single loop, it was concluded that the hypothesis 
of an apparent vertical propagation of static waves (or an elec- 
tric action of equivalent effect) more nearly expressed the true 
facts than did that which assumed a uniform azimuthal distri- 
bution of their horizontal direction of propagation. 

To determine the extent of the improvement in reception 
made possible by this work, tests were carried out thru the worst 
summer months, namely, July and August, on various European 
stations, and it was found possible to receive the 6,000-meter 
Nauen signal some five or six hours per day during the worst 
periods when reception otherwise was totally impossible. Com- 
plete, continuous reception was not, however, yet possible, since 
there were times when, due to fading, the strength of Nauen’s 
signal fell so low that it was no longer possible to receive it 
Very interesting, and surprising also, was the fact discovered 
thru the constant use of this arrangement, that the heavier the 
static disturbances were, the more perfect the balance which 
could be secured, and the greater the improvement in the static- 
to-signal ratio which resulted. This very significant observa- 
tin led to a careful study of the character of static disturbances 
under conditions of weak and strong disturbance, and it was 
noted that invariably the strong static consisted mostly of the 
grinders type, the percentage of this type increasing with the 
increase of total static energy and decreasing with the decrease 
of the total, and it may be said that the results of long and con- 
tinued work since these first experiments has established the 
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facts referred to definitely and conclusively, the occasional 
variations therefrom being of such infrequent occurrence as to 
be negligible. It was also noted at this time somewhat unex- 
pectedly, that the disturbances from a nearby thunderstorm 
were at times quite markedly reduced, the amount being seem- 
ingly dependent upon the position of the storm with reference 
to the receiving station. This improvement, however, was not 
of a sufficient order to render reception, thru local lightning, 
generally possible. 

Many attempts were made to measure the improvement 
under various conditions in the signal-static ratio of this system, 
as compared to a single loop thru the use of the well-known 
audibility method, and the results obtained varied from more 
than a thousand times, under very severe conditions, down to 
five or ten times for very light static conditions. Now the audi- 
bility method measures the current in the telephone circuits 
from which it follows that the energies represented by two dif- 
ferent audibility measurements are proportional to the square of 
the audibility factor; consequently the ratio of one thousand-to- 
one in audibility means one-million-to-one in energy. Un- 
fortunately this method is a poor one for measuring static dis- 
turbances accurately and I cannot say that the above ratio is 
accurate. I find, from continuous use of this method of measure- 
ment, that, while it gives reasonably good results where the sound 
in the telephones is of a musical character, when this musical 
character is lacking the ear is unable to judge relative intensity 
accurately. In addition to this difficulty there is the fact that 
static disturbances are of extremely irregular intensity and 
that at any two successive instants widely different energies 
may exist. No other suitable method being available at the 
time, it was decided to depend on comparisons of readability 
of the signal resulting from the use of the complete system, as 
compared to the single loop, and this method has been used 
chiefly since that time. 

A new method of measuring static intensities has recently 
been developed, which is the joint suggestion of Mr. G. H. Clark, 
expert radio aid of the Navy Department, the Research De- 
partment of the Marconi Company, and the writer—and which 
has been put into practical form by the Research Department. 
It measures the intensity of static disturbances in terms of 
the signal intensity necessary in order that the signal may be 
read, and it is hoped that a large number of measurements made 
by this method can be presented in a later paper. 
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Since the continued operation of systems of this type has so 
clearly emphasized the existence and characteristics of the two 
types of static referred to as grinders and clicks, a brief reference 
to some of the distinguishing characteristics may be of interest. 
It is found that the grinders type is most prevalent in the warm 
season, during warm days, and between the hours of noon and 
sunrise the following morning. The sounds which they pro- 
duce in the telephone are generally a sort of continuous rattle, 
with occasional heavier crashes. This type behaves as tho verti- 
cally propagated, and appears to affect antennas, separated con- 
siderable distances, simultaneously. It can therefore be excluded, 
thru the use of the system described, while the signal is retained. 
The clicks, on the other hand, which sound like relatively widely 
spaced crashes, are most noticeable during the cooler periods of 
the year and day, but do not, except on very rare occasions, reach 
an intensity which is sufficient to interfere with the reception of 
signals, the strength of which is equal to the normal strength of 
Carnarvon or Nauen, or even Lyons. When the signal to be 
received, however, is of a lesser order of strength, such as that 
from Clifden, Ireland, or Eiffel Tower, or when the signals from 
the previous stations are abnormally weak, as occurs during 
sunset and sunrise fading periods, the intensity of this type of 
static is sufficient at times to cause great difficulty. It was 
found also that this type of static could not at that time be suf- 
ficiently reduced, thru the use of the system just described, to 
overcome the difficulty, and that adjustments which reduced it 
resulted also in a reduction of the signal. It appears probable, 
therefore, that this type of static follows the second of the two 
hypothesis previously given, and that it is in fact a true stray 
wandering in from all directions in haphazard fashion. How this 
vagrant was successfully dealt with will appear presently, but 
before getting to this point, which involves somewhat different 
arrangements than those shown, a brief reference will be made to 
certain modifications of the system with which experiments were - 

° conducted. 

Midway between the loops of Figure 7 a third loop of similar 
dimensions and disposition was erected and used in conjunction 
with either of the two loops of Figure 7. This variation is shown 
in Figure 11, and it is to be noted that while the end loop has the 
long, horizontal lead, the middle loop has none, it being brought 
directly into the receiving station. It was with some interest 
that this arrangement was found to give rather better results 
than that secured with the loops separated the maximum distance 
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available, and the improvement was found to be in the perfec- 
tion of balance, which was found to be sufficiently greater than 
that obtained with the arrangement of Figure 7 to more than 
offset. the loss of signal on balance, due to the shorter spacing. 
This seemed to indicate, at first, that the farther apart the 
loops were the less perfectly could the static currents be balanced 
and the converse. Small loops of a large number of turns were 
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then erected at distances varying from ten feet (3.05 m.) up to 
1,000 feet (305 m.), symmetrically located with respect to the 
receiving station, and in the same line with the big loops. "Tests 
with these showed, however, no more perfect balance than that 
obtainable with the spacing of Figure 11 which was 2,500 feet 
(760 m.), and it therefore became evident that something besides 
the spacing accounted for the improvement in Figure 11 as com- 
pared with that of Figure 7. It would take too long to describe 
the very numerous experiments which were made in the attempt 
to run down this very elusive matter, but it was finally dis- 
covered that the reason for the performance above noted was 
the action of the long horizontal leads which, notwithstanding 
the fact that these were in the same horizontal plane and that 
the system had no earth connection, proved to be very effective 
aerials, picking up both signal and static. It was found that 
the static currents generated in them were in a definite direc- 
tion and that consequently they must be connected to the 
loop in the same sense, that is, in such a way that the static 
currents generated in both the loop and the leads tended to flow 
in the same direction at any instant, so that when balancing 
at the receiving station all of the static currents generated in 
each half of the system were similarly affected. Before this fact 
was found out the arrangement of Figures 7 or 11 was so con- 
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nected that when adjustments were made which balanced out 
the static currents generated in the loop, those generated in 
the leads were added. The method of getting the right con- 
nection was simply to connect in a reversing switch, as shown in 
Figure 12 and to try the balance with the switches in each side 
of the system in the various possible positions. The best, of 
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course, was that which gave the most perfect balance and was 
very easy to find. The results obtained thereafter were found 
to be better for the long than the short separation by an amount 
proportional to the separation, and it is interesting to note at 
this point that in all subsequent work the perfection of balance 
of static currents obtainable was the same, regardless of the over- 
all length of the system which, as will appear shortly, has been 
in some instances as much as six miles (9.6 km.), while the signal 
combined always in proportion to the spacing. 

In Figure 13 is shown an arrangement in which all three 
antennas were used. In this arrangement the two antennas at 


FIGURE 13 


the ends were so coupled and adjusted that the signal was can- 
celled out, leaving most of the static. "This arrangement has 
been termed the "static tank" since it was a source of static 
currents of any desired frequency without being a source of signal 
current. When this adjustment was accomplished the circuits 
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connected to these two antennas were opened and the third 
antenna connected in and tuned. This third antenna provided 
both signal and static currents in whatever ratio they happened 
to exist in this loop. The next procedure was to connect the. 
two other loops in again and to adjust the intensity of the static 
currents from the middle antenna until they were equal to those 
due to the two end loops by use of suitable resistances, couplings, 
and so on. This third loop was connected into the system in 
such a way that the static currents due to it were opposed, 
leaving the signal due to the third loop. This arrangement 
resulted in a material improvement in working over those previ- 
ously tried. From a consideration of the hypothesis of vertical 
propagation of static waves, it was not possible to account for 
this improvement, so far as the grinders are concerned, so that 
it was ultimately concluded that the improvement might be 
due to the elimination of some of the static of the other type. 
This possibility was somewhat supported by the fact that it is 
occasionally not possible to distinguish between the two types 
from the sounds which they make in the telephones since it 
happens occasionally that those of one type have the charac- 
teristic sound of the other. An analysis of the action of this 
system when affected by horizontally moving static waves, 
assumed to be uniformly distributed, brings out some most 
interesting facts. 

Referring now to Figure 13, assume that the two aerials there 
shown have a spacing which is one-half the wave length of the 
signal received. Also assume that a static wave Is arriving from 
the same direction and with the same velocity of propagation, 
and that this wave is so highly damped that no forced oscillation 
is produced in the aerial but that the only oscillation therein has 
a frequency and damping which is determined by the constants 
of the circuit. When this static wave, if it may be so called, 
arrives at the first aerial, an electromotive force is generated 
therein and currents start to flow thru it and the connected cir- 
cuits. Current then begins to develop at the terminals of the 
detector. The wave continues its motion until it similarly af- 
fects the second loop and the resulting currents flow back to the 
receiving apparatus. Owing ,however, to the spacing which has 
been chosen, the currents from the first loop have had time to 
go thru a complete half cycle before that from the second ar- 
rives. Suppose now that the connections and position of the 
goniometer coil Lg are such that the emf. produced in it by the 
signal is equal and opposite and therefore the signal cancels out. 
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Under these circumstances the results due to static will be as 
indicated in Figure 14, in which the solid line shows the damped 
oscillation due to the first loop, while the dotted line shows that 
due to the second loop when the method of connection is that 
just described. This diagram brings out the interesting fact 
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that the first half oscillation arriving from the first aerial is un- 
opposed; that the first half oscillation from the second aerial is 
opposed to the second half oscillation from the first aerial which, 
because the oscillations are damped, is of smaller amplitude 
than the one opposing it. This condition obtains thruout the 
entire train so that the resultant of the two oscillations is not zero. 

If now, the aerial circuits are heavily damped thru the addi- 
tion of resistance, the wave train due to static becomes shorter 
and shorter, until when the limit is reached, all of the energy is 
in the first half swing. Therefore, under these conditions, while 
the circuits are so adjusted that the signal completely cancels 
out, yet the entire static current remains and we have the curious 
condition shown in Figure 15 of the two half oscillations, both 
in the same direction. It should be here noted that the first 
half oscillation of the signal is also unopposed, but if the signal 
current be undamped the percentage of the total signal energy 
which affects the detector is, roughly, 1/7,000th part of that 
which arrives during the time occupied by a dot at an ordinary 
rate of sending. 
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If we assume now that static disturbances are uniformly dis- 
tributed thru all horizontal azimuthal angles, then as the angle, 
with the direction of the system increases, the intensity of these 
pulses decreases in proportion to the cosine of the angle; at the 
same time the effective phase difference between the loops de- 
creases so that these pulses begin to overlap. It is also as- 
sumed that the intensity of the oscillation which these pulses 
can give rise to is proportional to the maximum ordinate as a 
first rough approximation. It follows then that as these pulses 
overlap, a distorted curve, as shown in Figure 16, results, but its 
effectiveness is not materially increased until the maximum ordin- 
ate of the resultant curve r'ses above that of the single pulse. 
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FIGURE 16 


It will thus be seen that thru part of the azimuthal angle the 
intensity of the oscillations produced by static varies along the 
cosine curve, spreading out somewhat, however, as the angle 
increases. If, therefore, a third antenna is employed, the curve 
of reception of which is the cosine curve and in which both sig- 
nal and static currents are flowing, and if this antenna be op- 
positely connected to the system just described, the static 
currents due to the click type of static will oppose and the 
residue will be of the order of the difference between the dotted 
curve shown in Figure 17 and the cosine curve shown in solid 
lines in the same Figure, from which it appears that a very 
large order of reduction is possible while at the same time 
utilizing the full signal strength developed by the third an- 
tenna. This explanation does not purport to be a rigorous 
analysis of the system described, but is presented merely as a 
rough approximation to the facts observed. 
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The arrangement just described realized these possibilities 
to an appreciable degree, but in the form then used was not 
capable of utilizing the possibilities above outlined to their 
fullest extent, and reference will be made later to another modifi- 
cation which displayed greater capabilities. 
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Various other combinations of the installation at Belmar were 
made. In Figure 18 the leads were disconnected from the loops 
and their ends joined, thus making of them horizontal aerials 
tuned to earth. It will be noted that this arrangement consists 
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FIGURE 18 


of two directive Marconi antennas and that the ratio of length 
to the height is unusually large. From this it follows that the 
aerial, which is pointed in a direction away from the transmitting 
station is a much better receiver of the signal energy than that 
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aerial which runs in a direction toward the transmitting station. 
Both aerials, however, pick up the same amount of static. From 
this it is evident that the two aerials may have a very marked 
difference in their signal-to-static ratio, and this effect will add 
to the effect resulting from their phase separation particularly 
when this separation is small, and constitutes at times a factor 
in the results obtained. This principle operates in all of the 
arrangements which will be described in which horizontal aerials 
are used, regardless of whether they are above the earth's surface, 
on the earth's surface, or underneath it. Figure 19 shows one 
of these in which the loop leads were connected together and each 
loop converted into an ordinary antenna tuned to earth. In 
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Figure 20 one loop was used in its normal way and balanced 
against the leads of the other loop tuned to earth. Figure 21 
shows one loop connected in its normal way while the other one 
was arranged as an earthed antenna. All of these arrangements 
gave good results, but since it was impossible to investigate them 
all at once, the loop arrangements were chosen for first attention. 
Variations in the circuits were also tried. Figure 22 shows the 
parallel condenser arrangement, which was quite useful in se- 
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curing tuning to wave lengths shorter than could be obtained 
from the series condenser arrangement. Figure 23 shows an- 
other arrangement, in which most of the tuning was effected by 
condenser С, and inductance Lı common to both circuits. Con- 
densers C2, Сз, Cy, and С», in addition to taking some part in the 
tuning, provided phase control and coupling. 


FIGURE 21 


In addition to the capabilities of the arrangements described 
for receiving thru static, they have marked capabilities in work- 
ing thru interference from other stations. When adjusted to 
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annul static of the grinders type this system has a reception curve 
of the form shown in Figure 9; its equation is v=V cos? 0, 
while that of the single loop is a cosine curve. It will be noted 
that the directional effect in this case is materially greater than 
with the single loop. When desired, adjustments can be so made 
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quarter wave length apart. This curve indi- 

«ıt veepilon in one direction is a maximum, recep- 

0v ppexte direction is zero, while it is also materially 

o n AW third and fourth quadrants. This line of zero 

ova van be swung around at will thru the third and fourth 

os viUs by alteration of the phases of the currents in the two 

u w that interference from any station arriving in this quad- 

xut ean be annulled, while reception is maintained from signals 

arriving in the first and, second quadrants. It is to be noted 

that advantage can be taken of this property to eliminate strays, 

if they happen to be coming from a direction other than that 

from which the signal arrives, and this fact 1s of great help when 

a thunderstorm is gathering in the vicinity of the station. "The 
necessary method of adjustment is as follows: 

Suppose that the two loops of the system are one-quarter 
wave length apart and that the desired signal arrives from right 
to left. Then the currents in the left-hand loop are 90 degrees 
behind those of the right-hand loop, if the circuits are accurately 
tuned, and they will add in quadrature. Next, suppose a signal 
arrives from left to right; then the currents due to this signal in 
the left-hand loop are 90 degrees ahead of those in the right- 
hand loop and therefore also combine in quadrature. Then 
currents due to both signals exist in the common receiving cir- 
cuit. 

Suppose now, the phases of all currents in the left-hand loop 
are shifted forward 90 degrees; then the currents due to the 
desired signal in this loop are shifted around until they are in 
phase with those from the right-hand loop, while the phase of 
the currents due to the interfering signal in this loop, and which 
were previously 90 degrees ahead of those due to the right-hand 
loop, are now 180 degrees ahead of those in the right-hand loop, 
so that they oppose and neutralize. Because of the unusual 
characteristics of the antenna used, this shift in phase is readily 
accomplished by a small adjustment of the condenser in the 
loop circuit. If the interfering signal is not in line, the phase 
shifting can be made the right amount to take care of it, and 
this general order of result is obtainable to some extent with 
any spacing between the loops, although one-quarter wave 
length is best. The reception of Carnarvon's signal, 14,200 
meters, thru the powerful interference of the 200-kilowatt 
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Alexanderson alternator at New Brunswick, only 25 miles 
(40 km.) away, working at 13,600 meters, has been an everyday 
performance of the system, while at the same time preserving 
a good static balance. All forms of the arrangement described 
have capabilities of reception thru interference, these capabili- 
ties varying with the type of antenna employed, the loop an- 
tennas and the horizontal aerials giving similar curves. 

Work with the original installation soon indicated the de- 
sirability of increasing the spacing between loops both to secure 
greater signal intensity and also to determine whether or not the 
static currents would be simultaneously generated in the two 
aerials, when the spacing was thus increased. Antennas were 
therefore erected approximately 8,000 feet (2,430m.) apart, 
each antenna consisting of 12 turns approximately 77 feet 
(23 m.) long by 30 feet (9.2 m.) high, supported from cross-arms 
attached to telephone poles. This construction is shown in Figure 
24. The receiving apparatus was located at a point near the 
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northeast loop instead of in the middle, and leads similar to 
those of the original arrangement run out to the southwest loop. 
When this was tried it was found that the leads picked up more 
signal and static than the loops and that the intensity of all 
currents from the southwest loop was so much greater than 
that from the northeast that successful working could not be 
obtained. Leads running along the ground, spaced at various 
distances, were then tried, and it was found that their effect 
was а minimum when the leads were close together. Next, 
a duplex lead-covered cable was tried and the effect of the leads 
very greatly reduced thereby. These leads of course had enor- 
mous capacity for a circuit of this sort with the result that the 
southwest loop was connected to the receiving station thru a 
capacity coupling of very small value, and in order to get equal 
signal from the distant end it was necessary to use four similar 
loops at that point connected in series-parallel. It was also 
found necessary to have a tuning condenser and inductances, 
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shown in Figure 25, located at the remote loop and an operator 
stationed there to make adjustments in accordance with in- 
structions telephoned to him by the observer in the receiving 
station, using the cable wire for this purpose. It was also necese 
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sary to use the reversing switch previously described, since even 
the lead-covered cable picked up signal and static in appreciable 
amounts. 

By the time this work was completed the season had ad- 
vanced well into the winter and the amount of static available 
for working was so small that the results obtained were incon- 
clusive and the work was abandoned for the time being. 

In view of the entrance of the United States into the war and 
the great national importance of the improvements previously 
described, a full disclosure of the most fully developed two-loop 
arrangement was made to the Navy Department and an official 
test carried out by Mr. G. H. Clark, expert radio aid of the 
Bureau of Steam Engineering of the Navy. The following is 
a quotation from the report received by the Marconi Company 
from the Bureau relative to this test: 

“The Weagant circuit in its present form will enable trans- 
Atlantic reception to be carried on without interruption in so 
far as elimination of static is concerned." 

The next experiments were conducted at Miami, Florida, 
where loops were arranged at varying distances, the maximum 
being six miles (9.6 kin.) and the minimum about 100 feet (30.5 m.). 
Having in mind the difficulties due to the leads, a special 
lead construction was used in which a pair of number 18 wires*, 
spaced about two inches (5.08 cm.) apart, were run thru paste- 
board tubes about three inches (7.62 em.) in diameter, these 
tubes being in short lengths joined together and covered on the 
outside with tinfoil. It was thought that this arrangement 
would give a reasonable value of capacity between the leads 


. Diameter of number 18 wire 20.C41 inch 20.16 em. 
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while the tinfoil covering might act as a screen in preventing 
signal and static currents from being picked up by the leads. 
This latter result was a desirable one since the greater the extent 
to which the leads act as aerials, the shorter is the effective spac- 
ing between the two aerials for a given total length. The re- 
sults obtained with this lead construction were slightly better 
than those obtainable with any other, but the improvement over 
the results secured from the use of two similar wires, similarly 
spaced, but not surrounded with a shield, was of too small an 
order to warrant the expense and trouble of the other type of 
construction. Two loops of the type shown in Figure 24 but 
150 feet (46 m.) in length and three miles (4.8 km.) apart, were 
connected to a receiving station located midway between them, 
and tests were conducted with various European stations, and 
it was found that the balance of static currents secured was as 
good as that obtainable with loops a short distance apart, while 
the signal strength at balance was much greater. "This arrange- 
ment was not, however, generally satisfactory, as the loops 
were not large enough to give a satisfactory intensity of signal 
for practical working, while the effect from the leads was about 
equal to that from the loop. Two other loops were therefore 
constructed 7,200 feet (220 m.) apart, of the same general type 
and height, but of twice the horizontal length, and with these 
two, very satisfactory practical working was secured. With 
both of these arrangements the local tuning at the loops pre- 
viously described was necessary, and this always involved a 
tedious adjustment until the correct setting for a given wave 
length was obtained, and even when this setting was known, it 
was necessary for some one to go to each of the loops,—not a 
convenient procedure with antennas three miles (2.2 km.) apart. 

In order to overcome the objection just mentioned, the ar- 
rangement of Figure 26, which was the joint suggestion of Mr. 
Frank N. Waterman, and the writer, was constructed. Аз 
is indicated by the Figure, each loop consisted of a single turn 
extending from the station out and back again, thus being both 
loop and lead simultaneously, and being free from points where 
abrupt changes in circuit constants take place, as in the previous 
arrangement. The loops of this form which were constructed 
varied in length from 1,000 feet (305 m.) each up to approximately 
9,000 feet (2,750 m.) each, the upper wire being supported on 
stakes only three feet (92 ст.) above ground, while the lower 
wire ran along the surface of the ground. Much difficulty was 
experienced in maintaining this construction long enough to 
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get satisfactory observation, due to the fact that about 2,500 
feet (760 m.) northeast from the receiving station, they had to 
cross a canal, while at other places they ran thru cow pastures 
and were frequently broken. 
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When first tested it was found that the loop then used, which 
was approximately 3,600 feet (1,100 m.) long, would not tune, 
the inductance and capacity inserted at the receiving end of the 
station apparently having no effect. This result was believed 
to be due to a current distribution in the loops of such a nature 
that there was a current node at the point of insertion of the 
tuning devices. It was therefore determined to attempt to 
alter this distribution by the insertion of inductance at some suit- 
able point. An inductance such as Ls, Lıo in Figure 26 of 30 milli- 
henrys was inserted successively in the upper wire at a large num- 
ber of points between the receiving station and the other end of the 
loop. It was found that the tuning improved constantly as the 
coil was moved from one end toward the middle, and constantly 
became poorer as the coil moved from the middle toward the 
end, the curve of the resulting effect being of the form shown in 
Figure 27. Insertion of the inductance in the lower wire pro- 
duced no result and in fact if inserted in the middle point of the 
lower wire at the same time that inductance were inserted in 
the middle point of the upper wire, the effect of the latter was 
annulled. Having determined the best point for the induct- 
ance, its best value was next obtained, and while the results 
showed that a value of 30 millihenrys was about right for a wave 
length of 12,000 meters, and 5 millihenrys for a wave length of 
6,000 meters, either value was sufficiently acceptable for both 
wave lengths. 

As soon as tuning control of this type of antenna was ac- 
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complished it was found possible to use this system in a most 
satisfactory way for the elimination of static. The effective 
spacing of two such loops was found to be approximately the 
distance between the centers and complete control could be 
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effected at the central receiving station, the over-all results 
obtained being even better than those obtained with the previous 
forms. A variation in the form of this type of aerial is shown in 
Figure 28, in which the area enclosed is approximately a triangle, 
it being assumed that this arrangement would give a greater 
effective separation if the loop receiving antenna extracted energy 
from a passing electro-magnetic wave in accordance with the 
usually accepted theory. Conclusive results on this form were 
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not obtained until later work at Lakewood, New Jersey, and they 
showed that the very long triangle there used, did not behave 
in accordance with this assumption. In fact it may be stated 
that this whole work has demonstrated that our ideas of the 
mechanism by which a loop antenna extracts energy from a 
moving electro-magnetic wave, will have to be considerably 
modified, but this matter is too extensive to go into in detail 
at this time. "The exact mode of vibration of the long, low loops 
just described is also a matter of great complexity and can only 
be determined by an exhaustive experimental and mathe- 
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matical analysis. This work is already quite well under way, 
Mr. Louis Cohen having kindly consented to undertake the 
mathematical work for me, but it is not yet completed. 

During the early part of the work at Miami, the Navy De- 
partment was experimenting with underground antennas, several 
of which had been installed by Mr. G. H. Clark. This afforded 
an opportunity for the writer to try these in the system described. 
These were tried in a large number of combinations, which are 
shown in Figure 29. As will be seen from the Figure, these ar- 
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rangements were essentially the same as those of the original 
Belmar installation, resembling most closely that one which 
employed the horizontal lead wires and differing from it only in 
the fact that the wires were buried under ground or laid on the 
surface instead of supported some distance above the ground. 
All of these various combinations operated satisfactorily, but 
there was no material difference between those laid on the 
ground, those under ground, or those under water, which was 
present only a few feet under the surface. The lengths used 
were not great enough to give a material fraction of a wave 
length effective spacing, and attempts were made to extend this 
by increasing the length of the wire. It was found, however, 
that this could not be done, but that, on the contrary, increasing 
the length of the wire made the performance poorer rather than 
better, and this is probably due to the loop action and other 
causes referred to in the preliminary description of this type of 
aerial. The best working of all these arrangements was the 
combination of one of the ground wires with one of the loops, 
due to the fact that this gave a much greater effective separa- 
tion, the loop being situated 3,600 feet (1,100 m.) away from the 
receiving station. 

Having secured a practical form of this system which could 
be operated with the half-wave-length spacing, namely, the 
long, low loop, an installation was made in the spring of 1918, 
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in the vicinity of Lakewood, New Jersey, in accordance with the 
results of the Miami tests. This installation consisted of two 
aerials, each three miles long, of number 14 hard drawn copper’, 
in a line directed toward France. "These antennas were supported 
by telephone posts 30 feet (9.2 m.) high and were at first tri- 
angular in form, having a vertical leg 28 feet (8.5 m.) high at 
their outer ends, and brought together at the receiving station. 
This is shown in Figure 28. This form was later modified to 
a rectangle three miles (4.8 km.) long, ten feet (3.05 m.) in vertical 
dimension, the lower wire being about ten feet (3.05 m.) above 
ground, and this modification was found to be appreciably more 
satisfactory. Inductance coils of 30 millihenrys were inserted 
in the middle points of the upper wire of each loop. "This station 
was operated continuously from the middle of July until the end 
of September with a force of three operators, each working eight 
hours, copying messages sent out by Lyons, Carnarvon, and 
Nauen regularly, and occasionally other stations. This con- 
tinued operation was undertaken to determine the capabilities 
of the system in a practical, commercial way, during the worst 
period of the summer and at all hours of the day. The results 
secured were most gratifying, the total interruptions experienced 
being of no greater total duration than those of good cable work- 
ing between the same points and at the same time of year. It 
was found that when the signal from the European stations was 
of normal intensity the heaviest static experienced at any time 
was unable to interfere in the slightest, but that on the contrary 
it might have been very much more severe without causing trou- 
ble. Reception under this condition was almost invariably 
good enough for high speed automatic reception. А few thun- 
der storms occurred during this time and some, but not all of them, 
prevented reception while they lasted. "There were also periods 
recurring regularly every day between four and six o'clock in 
the afternoon and between twelve and two o'clock in the morn- 
ing when the intensity of the received signals from Carnarvon 
and Nauen fell off enormously, on some occasions falling as low 
as 1/100th of their normal intensity. During a few of these 
fading periods interruptions were experienced varying from five 
or ten minutes to perhaps ene hour. The worst of these periods 
was usually, but not always, the midnight-to-two-a.m. period 
when, altho the static was generally lighter than during the 
afternoon fading period, at which time its maximum intensity 
occurred, the decrease of signal strength was rather greater. 
* Diameter of number 14 wire = 0.064 inch 20.162 cm. 
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A careful study of the conditions during these fading periods 
convinced me that the difficulty was due to the fact that when 
the signal weakened greatly the click type of static was present 
in sufficient quantities to cause the trouble, and that when the 
signal intensity was greatly amplified in order to be heard, the 
amplification also brought up this disturbance with its ratio 
to the signal unaltered. 

As has already been pointed out, the two-aerial arrangement 
has not as yet shown itself capable of sufficiently differentiating 
between this horizontally moving type of static and the signal 
to meet the severest conditions of signal fading. In the hope of 
successfully overcoming even this condition, existing occasionally 
during the fading periods, recourse was had to the three-aerial 
arrangement, but in a modified form, as shown in Figure 30. 


FIGURE 30 


This was operated in accordance with the principle previously 
set forth, namely, the two loops were adjusted to balance out 
signal instead of static, and the retained static was used to 
balance out that in the third antenna. The third antenna in 
this case was a horizontal wire approximately 6,000 feet (1,820 m.) 
long, about three feet (92 cm.) above the ground, running under- 
neath the loop antennas and supported by the same poles. 
When this arrangement was operated it was found that all of 
the hoped-for improvement, and much more, had been realized, 
in fact that the improvement of reception thru static of the stray 
or click type was of the same order as the improvement which 
the two-antenna arrangement made possible thru static of the 
grinders type; also, most fortunately, that the adjustment which 
reduced one type of static was the exact adjustment for elimi- 
nating the other, so that both types went out together, leaving all 
of the signal supplied by the third antenna. This was approxi- 
mately the same in strength as that which could be received 
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using the two loops so connected that their signal strengths added. 

So great was the general improvement in reception made 
possible by this arrangement that signals from stations in Europe 
of a very much smaller order of power than Carnarvon or Nauen 
could then be received. Of these stations it is sufficient to 
mention Eiffel Tower, working at about 8,000 meters, and Lyons, 
working at 8,000 meters, the signal strength of Lyons at this 
wave length being very much less than the signal received from 
the same station when using his usual wavelength of 15,000 meters, 
and it is assumed, though not definitely known, that the amount 
of power being used was much less. "The installation at Eiffel 
Tower is understood to be an arc, the input of which is about 
100 kilowatts. Many attempts had been made during the sum- 
mer to copy these stations with the two-antenna arrangement, 
but the results were satisfactory only occasionally and when the 
grinders type of static was that which existed. When the other 
type was present these stations could not be read. During the 
test with the three-antenna arrangement on one occasion, in 
the evening, static of extreme intensity was experienced and 
the intensity of the signal from Eiffel Tower was much below 
normal, with the result that with the two-antenna arrange- 
ment it was barely possible to tell that the signal was present. 
Using the three-antenna arrangement the signal was not only 
readable but of such intensity that it could be read with the 
telephones a couple of feet from the ear. Continued use has 
established beyond question that this performance is not oc- 
casional or accidental, but consistent, and that with this arrange- 
ment trans-Atlantic radio telegraphy can now be carried on 
free from interruptions due to static of any kind whatsoever 
except local lightning. This cannot always be neutralized, but 
since the cables are also interrupted by this latter cause it fol- 
lows that a continuity of communication equal to that of cable 
operation is now possible by radio telegraphy, while the latter 
has the great advantages of cheapness and greater speed of opera- 
tion. For many years, attempts to work automatic high-speed 
radio telegraphy have been made, but they have been successful 
only when static was absent. It is therefore evident that use 
can now be made of this method of working to a very great extent, 
thereby greatly increasing the number of messages which can 
be handled over a given circuit. It may also be stated that the 
great barrier in the way of successful, practical radio telephony 
has been removed since static has interfered with radio tele- 
phony to a much greater extent even than with radio telegraphy. 
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One of the outstanding features of the systems thus far de- 
scribed has been their need of a considerable stretch of territory, 
and it would obviously be an important advance if the same 
results could be secured without this necessity. It is pleasing, 
therefore, to be able to state that a considerable number of such 
arrangements have been worked out, in which the necessity for 
large space does not exist; in fact some of them are of such small 
dimensions that the entire equipment necessary, including the 
antennas, could be arranged in a lecture room, and between the 
floor and the ceiling. Only one of these arrangements will be 
described at this time, the others being reserved for a later com- 
munication. 

Referring now to Figure 31, A, represents an aerial of the 
linear type several times referred to, but so arranged that it can 
be moved thru a considerable angle in the vertical plane and 
swung around thru any desired azimuthal angle. If this aerial 
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is swung from the vertical position to the horizontal posi- 
tion, while being directed toward & desired transmitting station, 
it is found that a particular vertical angle can be obtained at 
which the signal goes out entirely while some of the static re- 
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mains. The arrangement therefore constitutes another form 
of static tank. If then we take a second antenna, such as the 
loop Az shown in the Figure, which supplies both signal and static, 
we can, thru the use of the circuits already explained, couple 
these together in such a way that the static is cancelled, leaving 
the signal. This arrangement works quite as well as any of 
those previously described, except the three-antenna arrange- 
ment, and the difference is due to the fact that this particular 
arrangement does not as completely eliminate the static of the 
horizontally moving type. 

To secure the full practical benefit of this arrangement it 
is desirable that the length of the aerial A, be conveniently 
short, say about 30 feet (9.2 m.), which, for trans-Atlantic re- 
ception of course makes necessary the employment of amplifiers 
of extraordinary capabilities. In the work which I have done 
with this arrangement I have used two amplifiers, developed by 
the Research Department of the Marconi Company, of five and 
eight stages respectively, with which it is possible to receive 
signals of a satisfactory strength from Nauen or Carnarvon 
when the antenna is of the dimensions stated. The reason for 
the use of the very small antenna is simply that it is then pos- 
sible to secure a conveniently operated mechanical support, the 
principle of operation holding good, however, when much greater 
lengths are employed. 

No attempt has been made in this paper to set forth exhaus- 
tively the complete theories of the arrangements used, but simply 
to give a brief description of the methods used and results ob- 
tained .It is realized that quantitative data of many sorts have 
not been given, due in part to the unsatisfactory nature of the 
methods of measurement available, and also to the fact that the 
whole work was dominated by the practical requirement of se- 
curing readability of trans-Atlantic signals, which was of vital 
consequence to the Marconi Company. It is hoped, in subse- 
quent communications, to remedy the deficiencies referred to and 
to describe a considerable number of other arrangements which 
have been discovered, the operating characteristics of which are 
being more fully investigated. 

With reference to the hypothesis stated in the early part of 
this paper to the effect that static of the grinders type is due to 
electro-magnetic waves heterogeneously polarized and propa- 
gated in a direction perpendicular to the earth’s surface, it should 
be clearly understood that while this hypothesis has been of 
great use in explaining the very large number of observations 
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made over a long period of time, it cannot however be regarded 
in the light of a proven theory, since certain observations have 
been made which it does not readily cover. It does appear, 
however, that the most important fact contained in this hy- 
pothesis, namely, that static effects of the grinders type are 
simultaneously produced at points separated a distance of the 
order of the longest waves at present employed in radio tele- 
graphy, is firmly established. With respect to the rest of the 
hypothesis, further work, which is at present in progress, will be 
necessary before the complete truth is proven or otherwise. 

The writer would greatly appreciate the opportunity to 
demonstrate the actual working of the systems described thru 
a committee to be selected by THE INSTITUTE oF RADIO ENGI- 
NEERS should they be sufficiently interested, during the coming 
summer, when static disturbances are at their worst. 

In conclusion the helpful and valuable assistance of the 
following gentlemen is acknowledged: Mr. C. L. Farrand, 
Mr. Frank N. Waterman, Mr. George H. Clark, Dr. Alfred 
N. Goldsmith, Mr. Louis Cohen; and'of the Research Depart- 
ment of the Marconi Company. Messrs. Weinberger and 
Dreher of the Research Department deserve special mention in 
this latter connection. 


SUMMARY: The effects produced by static (strays) are considered, and the 
Eccles classification of static as grinders, clicks, and hisses is adopted. Pre- 
vious attempts to eliminate strays are described with explanations of their 
non-operativeness. 

Researches are described which indicate that grinders, the predominantly 
objectionable summer static, act as if propagated vertically. A balanced 
antenna structure consisting in effect of two horizontal loops is used to elim- 
inate grinders. Signals in the loops add in the secondary circuit in proportion 
to the separation of the loops relative to the wave length, while vertically 
propagated grinders in the loops balance out in the secondary. 

Clicks are found to be horizontally propagated strays, and a special three- 
antenna arrangement for practically eliminating them із described and 
explained. 

Experimental work at various stations using these arrangements is de- 
scribed, and the capabilities of the new systems indicated. 
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DISCUSSION 


Michael I. Pupin: I have been very much interested in the 
paper, since it is a report of work actually done. Perhaps one 
does not care so much about the theory which has been ad- 
vanced to explain the balancing described; whether the theory 
is correct or not, the effects produced show that it is a theory 
not so very far removed from the truth, if it is not exactly the 
true theory. 

What strikes one most in listening to the paper is that we 
have here a new attempt to advance the art of radio telephony 
and radio telegraphy, an attempt, namely, in the direction of 
adjusting phases. In the beginning of the art, we had pulse 
excitation and nothing else;then came loose coupling and less 
damping, which made tuning available; it is still holding its own 
in the art; and then came attempts to produce continuous oscil- 
lations, and now we have a new addition to the art: namely, the 
art of adjustment of phases in the receiving antennas. 

I myself am a great believer in this new departure. I have 
been its advocate for some time; namely, the adjustment of 
phases, and as we are dealing in radio telegraphy and telephony 
with wave propagation, it goes without saying that in wave 
propagation we can accomplish a great many effects by the 
proper treatment of phases, a feature which is not possible in 
ordinary transmission, which does not depend upon wave 
propagation. 

The effects produced by loops pointing in the direction of 
the station which transmits, properly adjusted as to their length, 
and provided at the point of symmetry with a suitable receiv- 
ing apparatus, can be adjusted so as to get a good signal, because 
you arrange the phases in a suitable way, which at the same time 
can be made to neutralize the static effect, if that static effect 
is not propagated in the same way as the signal. I say this 
seems to be obvious—when you are told about it, and that is what 
I like about the scheme. A scheme, which appeals to you as 
obvious after you are told about it, is the right scheme, as a 
rule. | 

It is very easily understood, and everyone will say “Why, 
of course, that will work." But it is rather difficult to under- 
stand why an electric wave due to the propagation of a grinding 
"stray" or a grinding static should affect a long conductor, 
several thousand feet long, in such a way that the motions of 
electricity in all its parts are affected in the same phase. It is 
very difficult to understand. | 
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Mr. Weagant explains it by assuming that the wave is propa- 
gated vertically downward, and perpendicularly to the surface 
of the earth, as the wave is due to heterogeneously polarized 
oscillators—I think that is what they are called. Well, these 
oscillators must be not only heterogeneously polarized, but they 
must be somewhere above, because if they are at a distance, 
say one thousand miles (1,600 km.) away, or even five hundred 
or three hundred or even two hundred miles (800 or 400 or 300 km.) 
away, then their waves would not affect all parts of a long 
antenna alike. It is not easily seen how these oscillators start 
waves (which after awhile must become spherical) which, as 
far as the receiver is concerned, appear as if they came from 
above. | | 
That is the difficulty. What of it? The more difficult the 
thing appears, the more interesting it is. It may be that these 
oscillators throw out spherical waves which are reflected back 
and forth between the conducting upper layer of the atmos- 
phere and the earth, an assumption which has been advanced 
by other men and accepted, and that the “strays” which bother 
you most are the “strays” from the last reflection from the upper 
layer. This assumption is just as good as any other. If it 
does not suit you, find out some other assumption that will 
suit you better. But whatever the explanation may be, the 
fact remains that the waves coming from the grinders act like 
vertically propagated waves, because they affect every part 
of the receiving system in the same phase and, of course, the 
signaling waves are horizontally propagated waves. 

Mr. Weagant arranges his balance in accordance with this 
assumption and he proves in a very successful way that he can 
receive messages practically continuously. Of course, to do 
that, you have to use long antennas. I felt a little bit unhappy 
when antennas several thousand feet in length were mentioned. 
I said to myself “This investigation is evidently being made for 
& big corporation—no college professor could indulge in any- 
thing like that." Then once or twice a generator of two hundred 
kilowatts, the Alexanderson generator of two hundred kilowatts, 
was mentioned. Of course, such a machine a poor college 
professor can never have or possess, and if he did possess it, 
he would probably sell it and retire for the rest of his life instead 
of bothering with investigations with such a machine. 
` The static effects are probably cosmic effects; that is to say, 
they are terrestrial effects of almost cosmic dimensions. The 
investigation requires to start with large experimental apparatus, 
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large facilities for the purpose of producing certain definite effects. 

Of course, one idea about the static problem, and I must 
confess that it is my idea too, is this. If you use a device of the 
ordinary dimensions that you can conveniently place in any 
little room, and reduce the static by some means or another, 
enabling the sender to use about one-one. hundredth part of the 
energy he is usually using, then instead of using anywhere from 
one hundred to two hundred kilowatts, which almost makes me 
shudder, he can use from one to two kilowatts. That is my opin- 
ion, altho I do not say that my opinion is correct, but in my 
opinion the real static problem is to reduce the effect of the static 
by using receiving circuits of very ordinary dimensions, such 
as we use on board of a ship, and enable one to receive signals 
free from static interference even if the power of the sending 
station is reduced one-hundred-to-one. Of course, that is a 
very, very ambitious proposition. 

The proposition described by Mr. Weagant is not so am- 
bitious—it is very much less ambitious. From many points of 
view it is much more sensible, because advances in an art, as a 
rule, are made step by step—there is no sudden jump in the de- 
velopment of an art, but a gradual development. Now, this 
improvement is in the direction of gradual advance. We have 
here a marked improvement as the first step in the direction 
of getting rid of the natural interferences of the static, and as 
such I hail it with delight. It is an accomplishment, a de- 
cided accomplishment. 

I am surprised, however, that in all this work the name of 
the vacuum tube amplifier has not been mentioned at all, until 
towards the last, when the short rectilinear antenna which was 
described, in which case the energy which was received was very 
small, and then a five-step to eight-step amplifier was used, 
which was said to have been designed by the Research Depart- 
ment of the Marconi Company. I would like to see that eight- 
step amplifier. I have a nine-step amplifier. I know what a 
tremendous trouble it is to a man to develop a multi-step ampli- 
fier, and all of a sudden to hear that some man, who did not 
say anything about it, had developed an eight-step amplifier. 
Well, I wonder how many times it amplifies. Ten times, a 
thousand times, a million times, or what is it? 

However, I am glad that Mr. Weagant was finally forced to 
use the amplifier. I know from private information that as 
long as you use a long antenna the amplifier is not necessary, 
because the antenna itself picks up a sufficient amount of energy, 
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being so long, being such a large trap for the electrical wave to 
drop in, that an amplifier is not necessary. As long as Mr. 
Weagant has started to use it, I am satisfied and glad of it, 
because I do believe that the amplifier is one of the finest inven- 
tions in radio telegraphy that we have to-day, and that no prob- 
lem in radio telegraphy including the elimination of the static 
can, in my opinion, ever be solved without the full use and full 
knowledge of the amplifier; and, delighted as I am with the ac- 
complishment recorded in his paper, I am equally delighted 
with the fact that Mr. Weagant and the Research Department 
of the Marconi Company have started to use the amplifier in 
connection with this scheme. 


Alfred N. Goldsmith: Several years ago, I had the opportunity 
of witnessing a demonstration of Mr. Weagant’s system of stray 
elimination under conditions that were entirely under my control. 
That is, the wiring and connections of the apparatus were com- 
pletely open; it was permitted to make full wiring diagrams of 
the equipment, and (after proper instruction) to handle and ad- 
just the apparatus myself. This was the first of a number of 
opportunities of this sort, and always with the same successful 
result. It has also been my privilege to have been associated 
with Mr. Weagant in the development of many phases of the 
remarkable system which he has originated and particularly in 
its more recent and advanced forms. In every case, the extreme 
orderliness of the phenomena presented has been striking and the 
extent to which theoretical deductions have been verified by 
experimental evidence was highly gratifying. Particularly 
has this been the case since, prior to Mr. Weagant’s work, strays 
were regarded as of such random and erratic character that any 
systematic or logical manipulation of them or their effects seemed 
hopeless. This state of affairs has been completely reversed, 
and a powerful weapon of research placed in the hands of pure 
scientists as well as an instrument of tremendous importance at 
the disposal of the radio engineers. 

Strays are practically omnipresent in radio receivers. In- 
deed their ubiquitous character has led workers in this field to 
associate strays and signals as inseparable twins. All the greater 
is the amazement of the radio manipulator when, on turning 
a handle, he hears barely audible signals previously smothered 
by overwhelming crases of strays, emerge finally, loud and well- 
defined, while the strays dwindle to negligible proportions. 
The experience, particularly to skilled workers in the art, has 
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an air of unreality because it is so far removed from all that has 
previously seemed possible. 

With Professor Pupin’s view as to the importance of the 
vacuum tube amplifier in the development of Mr. Weagant’s 
methods of stray elimination, I cannot concur. The basic ideas 
of these methods were quite independent of amplification of 
this sort, and their main development equally so. Mr. Weagant 
assuredly owes no debt whatever to the amplifier for his original 
discoveries and their main reduction to practice. 

With Professor Pupin’s opinion that the amplifier, in some 
form, will be used in the more compact stray eliminating systems 
which Mr. Weagant has more recently developed, I find myself 
in accord. Convenience dictates receiving antennas of small 
dimensions. These, being unable to gather considerable energy 
for the incoming signal, call for amplifiers. As to the amplifiers 
actually used in this work, the voltage amplification of which 
they are capable is of the order of Professor Pupin’s largest 
figure rather than of his smallest. 

Of the improvements which will result in the radio art be- 
cause of this advance, little need be said. High speed long 
range communication and radio telephony assume an entirely 
new order of importance and a tremendous growth in the radio 
field becomes the inevitable result of the elimination of the worst 
obstacle to reliable long distance reception. 

No doubt, the auditors of Mr. Weagant's paper have felt 
the complexity of the methods used, to some extent, particularly 
at a first hearing. The general impression must be that an in- 
geniously elaborate electrical means for utilizing the new law 
which has been found to govern the action of most of the strays 
which interfere with the reception, namely, ''grinders," is em- 
ployed. However, the salient feature of the methods used to 
eliminate grinders is based on the simultaneity and equality of 
effects produced by strays on two similar systems properly 
oriented and in the same horizontal plane. This simultaneous 
action is the key-note to the situation and, however it may arise, 
has been the furnace in which the powerful weapon against 
strays has been forged. The treatment of strays of the “click” 
class, which are, incidentally, much less serious so far as inter- 
ference with reception is concerned, has been based on a combina- 
tion of directional and electrical features ingeniously adapted 
to the desired end. 

Apropos of the differences in the methods of elimination of 
the two types of strays, one of which is highly vital and the other 
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at least of considerable practical importance, it may be. stated 
that a new scientific instrument has been produced whereby re- 
search in the radio field will have many added possibilities. The 
elaborate forms of antenna systems with distributed constants, 
with directional characteristics, and with neutralizing or balanc- 
ing arrangements, suggest a host of investigations on long-dis- 
tance transmission and reception. A large amount of very 
important work of this sort is now being conducted and will 
undoubtedly be made public when properly collated. 


George H. Clark: The most pleasant duty to which I have 
ever been assigned during my association with the Navy Depart- 
ment has been to follow the progress of Mr. Weagant’s work on 
the static eliminator. It has indeed, been a pleasure to watch 
the development of so practical an invention, worked out on 
such highly technical lines. Mr. W cagant, as one might expect 
from the nature of his invention, has obtained a perfect ам 
between theory and practice. 

I consider that this invention is one of the most fundamental 
and far-reaching ever made in the realm of radio telegraphy, 
ranking with the few that really mark the milestones of the art. 
There will undoubtedly be many developments made in the near 
future along the same general lines, and hence I am all the more 
glad that it has been my privilege to assist in these pioneer tests. 

A little over a year ago, I was ordered by the Department to 
witness and report on a system of static elimination on test at the 
Marconi Belmar station. Of so-called static eliminators there 
had been many in the past, all failing in their purpose, and so 
my expectations of this new claimant in the field were not great. 

` On arriving at the station, which was a rough little shack of 
the standard Marconi coast station type, I saw a number of 
pieces of apparatus, very crudely wired, and many of obviously 
home-made origin. It was a cloudy day, with frequent lightning 
flashes around the horizon, a typical day for “summer static." 
Two large rectangles of wire supported by the tall masts of the 
Belmar main station formed two loop antennas, each of these 
leading into the shack by connecting pole lines. Listening in 
on one of these loops alone, static was deafening, so loud, indeed, 
that not a trace of signal of any sort could be heard. Mr. 
Weagant threw a switch, and even with this crude, preliminary 
apparatus statie died down to a weak murmur, and the signal 
became clearly readable. I consider that this demonstration 
was the most impressive one I have ever witnessed. 

250 


т 


эп Cole OSC TIC Brys заг QUIC Joe] чогу тос 


-— 
LI 
: " — sus { 4 di torre EM 
Elo тал? ees WEN FAW. Neal сатаа CI. 
сетила d cnl елдо, сил fore Ор Тузел HIC vex 
ыз чс п. 41209 TTL amet it Ro Том F3 CU атм зе ewag Cd 
ITAA IA DACIC WSR эла eee w OvT eT 203 HT WS САЛТТА 
pe eus ou quc X 9 SE EE TOR XL NE 
È { DE 
Lag et TOT жеге MIU gio AT toe MAS ҺА: ganer. it 
a 
bs Bree SS чер у ез I Tee FTL E SONT 
-— a - - * LI М 
ыз ш. Dame wee test Toe (Deere x ere б УХ CEE TO BR LEAT RS 
pa `- ~ * 
H = — x -- re ss LI * 94 м ae = ` 
rawe, Tint Ait. WITT woed u Кл емсе eg 
- а „> м м > м. 
Cte ILIZ 31767 a2 ен te SNOB TT ROUGE 
~ г м №: - у 7 E "7x ‚1: Y^ os y> "M "LY eU +, x M 
=! — = -— — + ~ BE! Ах ОМ, TX wee ee Ud «x JA кр eye АА М, маш 
TY З Tawi к te зї № < “A M SROM Du 
[= = on --- pena “ale b RP ` RRS iam = ? €T `~ AT 8 ES >> ` eA LY 
- Te ت‎ l шщ MY "ANC LEE + « ae, ae Sl ч, Ax У kk a = As wand 
Nace IN AHI але IO US Qt TOP оа OTR 


эз "Пе OX DENTURE NAL WOTK sed te Manus бтм. LN 


Mz. Weagant demonstrate chat his ANUS ef the RUNS М! 
the Велат station was (ermet. and the new Master CNUs 


› + v> ` t У w 
Wersed much better than the Н ere As a msu of these 


sueeessiul tests. 3 commercial form of neering STUN Was 
erected at Laxewoni, New Jenev, the behavier ot which durma 
the summer months ef IMIS ampiy pustined the elatus at the 
Inventor. 

Mr. Wesgant has emitted the human interest trom his ae 
count of the Miami work. Yet I can well remember the hours 
І spent in a drvgoods box, miles eut m the desert; waiting for 
the Weagantian command to vary сөй, or condenser, er reverse 
the ever-inverted switch. Again, Mr, Weagant in his paper 
has referred. quite casually, to the. ünteil-eoated pasteboand 
tubes which covered the connecting leads. Yet. the actual 
construction of this was far from being a casual affair To 
direct the activities of fifty colored workers, and to Keep them 
all engaged in placing sheets ef tinfoil, one foot squat, aver six 
miles of pasteboard tubes, was a task not unworthy of the most 
determined investigator. At might. especially, this long line 
of silver, gleaming in the Florida moonlight, seemed more like 
a monument to Mr. Weagant's persisteney than a part ot a radio 
svstem. 

I wish to take this opportunity of referring to the painstaking 
logical way in which Mr. Weagant has worked out his problem, 
His skill as an investigator and experimenter has equalled his 
ability as an inventor. But, above all, he is one of the few in- 
vestigators who, when confronted with facts at varinnee with 


theory, would dismiss the theory rather than the facts. Such 
investigators are rare; hence such results are rare. 


Ernst F. W. Alexanderson: I feel rather bewildered to dis- 
cuss such a complicated and deep subject as Mr. Weagant has 
presented in his paper. Many times when I have been talking 
with Mr. Weagant about this subject, without knowing the 
details of his work, I have said: “I certainly do hope that you 
are right and that the developments will prove to be all that 
you expect them to Ье.” 

Almost every radio engineer must plead guilty of having at 
some time or other thought that he had a solution for the static 
problem, only to find later that he was more or less mistaken, 
usually more so. 

Now, what is encouraging, in a very great degree, in Mr. 
Weagant’s paper, is that he gives us a key to the solution by 
announcing that he has found a new law of nature. Up to the 
time that I had heard it rumored that Mr. Weagant had found 
a new law of nature, I was afraid that he might be in a class with 
the rest who had failed in their efforts. Well, I had a sinking 
of the heart when he said that perhaps his theory is not alto- 
gether proven, perhaps it is not; but the evidence that he has 
presented to us is so convincing that I hope we will find that 
a very material advance has been made. 

Mr. Weagant, and particularly now Mr. Sarnoff, have pointed 
out the great importance of a static eliminator in radio telephony. 
Radio telegraphy has been very reliable during the recent years 
in trans-Atlantic communication. 

I may mention, in this connection, that I happened to be in 
the New Brunswick radio station, when a call suddenly came 
from Washington, that a set was needed immediately, and the 
station operator immediately came in and said that the station 
was calling Germany. It was the first time since the war that 
Germany had been called by a United States radio station; and 
the message that went was the important announcement of 
President Wilson, stating that the United States could not deal 
with Germany under its present form of Government, upon 
which announcement the abdication of the Kaiser followed. 

This bears out, further, what Mr. Sarnoff has touched upon, 
that radio has broken the precedents of international practice, 
by permitting direct communication between the responsible 
parties in the belligerent nations, thereby short-circuiting the 
usual channels of diplomacy. 


President Wilson is now on the sea, and arrangements have 
been made whereby telephone messages are being sent to the 
President every day. This apparently has nothing to do with 
Mr. Weagant’s paper directly, but Mr. Sarnoff’s discussion leads 
the thought from one to the other, and that is that the use of 
radio telephony across the ocean is limited in its possibilities 
by the degree to which static can be eliminated. 

I wish I had with me a photograph which I was examining 
on the train; a photograph of the radiated waves from the New 
Brunswick station—being the electrical equivalent of Secretary 
Daniel's voice when he was speaking to President Wilson on his 
way over. We hope that in the future, when the best kind of 
receiving devices are in existence on both continents, that many 
such photographs will be taken of the rulers of the world. 


David Sarnoff: Some time ago, I asked Mr. Weagant to 
tell me, if he could, the particular thought or idea responsible 
for his faith in the ultimate solution of the static problem. 
I asked the question specifically, because of the apparent dis- 
belief of so many others that a real solution of this vexatious 
problem could be obtained. 

In answer to my question, Mr. Weagant stated that he had 
always considered Nature reasonable and logical; it followed, 
therefore, that it would not, on the one hand, bestow upon man- 
kind & boon, such as electrical communieation thru space; and, 
on the other hand, place in its way a deadly barrier such as static 
has been, without offering means of nullifying it and attaining 
the full advantages that space communication offers to the world. 

It was this implicit faith in the justice of Nature which 
spurred Mr. Weagant on in his determination to master the 
disturbing elements. 'The task, has, perhaps helped to add 
a few gray hairs to his otherwise young head. He has told you 
himself how he reached his goal, and I merely wish to call 
attention to the original inspiration and conviction, characteristic 
of the man. 

In my judgment, the elimination of static interference marks 
the most important practical advance in the radio art since 
Marconi's original invention. 

International radio telegraphic communication, a child of 
the past, will now grow rapidly to sturdy manhood. Radio 
telephony over long distance and across the oceans—impractic- . 
able heretofore—is now in full view, and commercial radio 
telephone service between the United States and Europe may 


confidently be expected. 
253 


Think what this means. Electric signaling, now more than 
three-score years old, has not provided means for talking to our 
friends across the great oceans. Whatever we had to say, others 
said for us by telegraph code. And now, for the first time in 
the history of electrical science, the spoken word may be uttered 
by us in our own language and heard by the desired ears across 
the oceans. I predict that trans-oceanic radio telephony will 
in time revolutionize international business, and diplomatic and 
social intercourse in the same way that the Bell telephone revo- 
lutionized our daily affairs on this continent. 

Mr. Weagant made reference in his paper to the possibility 
of conducting long distance radio communication with less power 
at the transmitter than is now generally employed. This, it 
seems to me, should logically follow as one of the results of his 
great invention, and one is now justified in expecting that, before 
long, communication across the Atlantic may be carried on 
successfully with transmitters of, say roughly, fifty kilowatts, 
or perhaps less, and receivers of the compact type described by 
Mr. Weagant. 

Nothing brings nations and peoples closer together than 
reliable, rapid, and cheap communication, and radio now prom- 
ises to be the international courier, fulfilling these three vital 
requirements. 

The present high cable rates between widely separated coun- 
tries have limited the amount of news or press matter exchanged 
between the United States and such countries as, for example, 
China, Japan and Australia. The mail service is, of course, too 
slow to record important events. 

With the elimination of static interference and the possi- 
. bility of reduced power at the transmitters, it is conceivable to 
me, and no doubt to many others, that two or three long distance 
transmitting stations, located in the most important and suit- 
able parts of the world, could be devoted to the exclusive trans- 
mission of daily news or press matter, broadcasted to all the 
countries, where, with the use of the proper receiving system, 
the broadcast. messages could be received by all and published in 
the press of the world. | 

Cable companies and the interests they represent have long 
made use of their favorite argument that communication by 
radio is not secret, and whereas by cables it is. Of course, I need 
not tell you practical men that no system of communication 18 
really secret; but the very fact that several transmitting stations 
can simultaneously communicate with the entire world, gives to 
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radio an advantage that the cables never had and never can 
possess. 


Philip E. Edelman (by letter): Having recently completed 
similar work with different means I was naturally much inter- 
ested in Mr. Weagant’s paper, and would like to ask Mr. 
Weagant whether he has been able to balance out strays other 
than “grinders,” and if "clicks" are eliminated or not? 

As described, apparently the plan would be limited to a fixed 
wave length to keep the correct loop spacing, but doubtless could 
be worked out into the same flexibility as the usual old style 
receiving stations. 

The correct explanation seems to me to be that the single turn 
loops shown are directional with respect to strays as well as 
signals. Experiment shows that a vertical loop oriented east 
and west does not usually receive the same strays as one in the 
same position, but oriented north and south, does. If strays came 
only directly from above and below, as seemingly stated, it would 
appear that two loops placed at right angles to each other would 
also get the same strays simultaneously. Experiment shows 
that this is not the case, for simultaneous records prove that one - 
loops receives strays the other does not. Accordingly, it makes 
no difference where the strays come from, because all three loops 
are oriented the same and receive only such portion of the strays 
as come within their directional locus. All strays originating 
from a sufficient distance can accordingly be balanced out 
whether they come from overhead or under foot or at any angle 
in the receiving cone of the loops. | 

The loop apparently owes its directional property to the fact 
that for maximum induced current therein, it is essential that 
the advancing waves cut the turn of the loop at right angles 
thereto, which means that the axis must be in alignment with 
the shortest distance to the transmitting station or source of 
strays. Waves from other sources at other angles to the axis 
have a lesser effect, roughly (Maximum) cosa, where a is the 
angle, until at right angles there is no effect and this proves to 
be the case experimentally. Accordingly part of the stray miti- 
gation is due to the fact that strays arriving from sources outside 
of the cone of the loop have slight if any effect thereon in the 
first place. Such as do affect the three loops in alignment ap- 
parently affect all alike and can be balanced out. A similar 
argument would appear to hold for a linear ungrounded antenna 
such as Mr. Weagant shows. 
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I would like to ask what operating ratios of signal-to-stray 
audibilities were obtained under the new method of measure- 
ment outlined and how they compared with the usual old method 
of audibility measurement. The latter is notoriously not pre- 
cise because depending upon the sensibility of the operator’s 
ear which varies widely in different people. 

This is an excellent demonstration of stray mitigation, but 
still leaves many problems, not the least of which is the so called 
“fading” effect. Even if total stray elimination could be effected 
at the receiver, the media between the transmitter and receiver 
remain outside control, so that signals can still fade erratically 
due to fluctuations therein. 


A NEW METHOD OF USING CONTACT DETECTORS 
IN RADIO MEASUREMENTS* 


By 
Louis W. AUSTIN 


(UNITED STATES NAVAL RADIO LABORATORY, WASHINGTON) 


For many measurements in radiotelegraphy it is necessary 
to use a radio frequency current indicator of known resistance. 
If the current to be measured is small, it is generally customary to 
use a thermoelement and galvanometer. The most sensitive 
thermoelements are either of the vacuum type or the welded 
tellurium type. The vacuum thermoelements can be obtained of 
any desired resistance and are very sensitive, but are slow in 
action and frequently show a bad zero drift. In addition, the 
deflection usually shows considerable divergence from the cur- 
rent-square law. The tellurium platinum elements are quick act- 
ing and follow the current-square deflection law with sufficient 
accuracy for all practical purposes. They are, however, so fragile 
and difficult to manufacture and transport that no manufacturer 
has yet undertaken to supply them commercially. It is also 
impossible to make the contact resistance much less than 10 
ohms. It is to be noted that the resistance in both the vacuum 
and tellurium types changes considerably with the amount of 
current flowing. 

On account of the difficulties mentioned, the sensitive thermo- 
elements in our laboratory have been replaced, for the most part, 
by a shunted contact detector circuit arranged as shown in Fig- 
ure 1. Here LC is any oscillating circuit having inductance and 
. capacity, D is a contact detector, G a high resistance galvanom- 
eter, К а paper condenser of one microfarad capacity, and R 
a resistance which may have any value from 0.1 to 100 ohms. 
The greater part of the radio frequency current passes thru R, 
while a small portion is shunted thru the condenser K and the 
detector. The direct current from the detector after passing 
thru the galvanometer returns thru R. On account of the high 
resistance of the detector, the total resistance of the detecting 


* Received by the Editor, December 23, 1918. 
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system is practically identical with №, as has been experimentally 
tested between 0.1 and 100 ohms. 

The sensibility of this arrangement is much greater than that 
of the best vacuum thermoelements of equivalent resistance. 


000000 UL 


i» R= 0.-100.^A. 
Ke Mf. 


R 
FIGURE 1 


In the case of most of the well-known detectors the propor- 
tionality between deflection and current-square is excellent. 
Galena, while the most sensitive of any of the detectors tried, 
shows a slight deviation from the square law. For absolute 
current measurements the system may, of course, be calibrated 
by comparison with a known thermoelement at the time of 
experiment. 

Since the fraction of the total current passing thru the de- 
tector is, for a wide range, practically proportional to the shunt 
resistance, it is possible to calibrate the apparatus approximately 
with а 1-ohm shunt which, with a galvanometer of a sensitivity 
of 5X107? amperes, and with an average silicon detector gives 
a deflection of 1 millimeter for about 2X 10 ? amperes radio 
frequency current. Thus 300 millimeters on the galvanometer 
scale represent about 34Х 107? amperes. This can be read con- 
veniently on the small hot-wire instruments found in most 
laboratories, which give full scale deflection for from 80 to 100 
milliamperes. The shunted detector can then be used for other 
shunt values by dividing the sensibility by the shunt ratio. 

The following table gives the approximate radio frequency 
current required for 1 millimeter deflection on a galvanometer 
having a direct current sensibility of 5X 107? amperes. If the 
sensibility is 5X 10^ 9, 1 millimeter with a 100-ohm shunt will 
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represent approximately 6X 107° amperes, radio frequency cur- 
rent. The third column gives the maximum radio frequency 
current which can be safely sent thru the system without danger 
of materially changing the detector resistance. The values are 
based on a detector resistance of 3,000 ohms and a maximum 
safe detector current of 12X10~° amperes. 


TABLE I 


Approximate R. F. Sensibility and Maximum R. F. 
Current for Various Shunts with a Silicon Detector. 


Maximum 
| R. F. Current 
, (107? Amperes) 


R. F. Sensibility 
(1079 Amperes) 


2,000 


Of course, much larger currents can be used with good propor- 
tionality between deflection and current square provided exact 
constancy of resistance is not required. 

In using this circuit care may be taken that there is no 
direct action of the outside driving circuit on the detector shunt 
loop D K R. | 


SUMMARY: An arrangement for using crystal detectors in radio measure- 
ments is shown. It is based on the original use of a low resistance shunt across 
detector and galvanometer and calibration of the arrangement using r.f. 
currents which can be measured with hot-wire instruments. By increasing 
the shunt resistance, the necessary much higher sensibility is directly obtained. 
Performance data are given. 


!See “Contact Rectifiers of Electric Currents,” ‘“‘Bulletin—Bureau of 
Standards," volume 5, 1908, page 133, Reprint 94. 
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THE POSSIBILITIES OF CONCEALED RECEIVING 
SYSTEMS* 


By 
A. Hoyt TAYLOR 


(PROFESSOR OF Puysics, UNIVERSITY or NORTH DAKOTA) 


No one who has had any considerable experience with con- 
tinuous wave receivers can fail to note the remarkably loose 
coupling which may be successfully employed between the 
antenna circuit and its secondary. 

Some time ago, it occurred to the writer that even for long 
distance reception it ought to be possible to dispense with the 
antenna and ground connection by expanding the secondary 
circuit into a form which would cut sufficient magnetic lines in 
the wave to give, with a sensitive receiver, readable signals. 
The excuse for reporting these experiments is that while the 
principles involved are not new, the results obtained have been 
rather surprising, and indicate possibilities which may have 
been overlooked by some earlier experimenters.', ?. 

The secondary circuit of the receiving set at “9XN” (Grand 
Forks, North Dakota) was accordingly replaced by a rectangle 
10 feet (3 meters) square, of 40 turns of number 27 double cot- 
ton covered wire? The rectangle was hung up inside a room in 
a brick and steel building which is full of wiring conduits and 
gas, water, and steam piping. 

Audible signals from “ХАА” (Arlington, Virginia), “WSL” 
(Sayville, Long Island), *WGG" (Tuckerton, New Jersey), 
and “NAJ” (Great Lakes, Illinois), were received. The turns 


* Received by the Editor, July 8, 1916. This paper will be followed in 
early issues of the PROCEEDINGS by three papers by Commander Taylor on 
the use of ground wire systems. the elimination of strays, and remote control 
stations.— EDITOR. 

t Now Lieutenant-Commander, United States Navy. 

'F. Braun, "Jahrbuch der drahtlosen Telegraphie und Telephonie," 
January, 1914. 

? Pickard, ‘‘Electrical Review,” 50. 

3 Diameter of number 27 wire 20.0142 inch 20.36 mm. 

* ((The distances from Grand Forks of each of the stations mentioned are 
respectively 1,210 miles (1,950 km.), 1,190 miles (1,915 km.), 1,170 miles 
(1,885 km.), and 620 miles (995 km.) practically all over flat country, one 
moderately high mountain range intervening in the first three cases. Arling- 
ton is equipped with a 60-kilowatt arc set and a 100-kilowatt spark set, Say- 
ville with a 100-kilowatt alternator-frequency changer set, and Tuckerton with 
а 60-kilowatt are set.—EbDITOR.) 
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of this rectangle were evidently too close together, giving a bad 
distributed capacity effect. A new rectangle with the wires 
wound side by side in a flat band gave better results, and a third 
one with 16 turns spaced about 2 millimeters (0.08 inch) apart 
gave such satisfactory reception of all waves from 2,500 meters 
up that it was decided to continue the experiments at the 
writer’s home where the rectangle was hung up in a tree and 
arranged so that it could be rotated so as to take advantage of 
the directive effect. It was found unnecessary to have the lower 
wires more than 5 feet (1.5 meters) from the ground. 

Figure 1 shows the complete receiving system. The adjust- 
ments are very simply made by simultaneous variation of the 
condenser C and the plate circuit inductance L. The bulbs used 


3M 


16 TURNS 


FIGURE 1—WIRING OF RECEIVER 


were cylindrical, with cylindrical plate, spiral grid, and two 
straight filaments, only one of which was used. Nineteen of 
these bulbs were tested, and only one found which with proper 
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choice of high potential battery and heating current failed 
to give satisfactory results. The voltages used on different 
bulbs were found to vary between 22 and 40 volts, and the 
filament current from 0.78 ampere to 0.90 ampere. For any 
one bulb, the adjustments were exceedingly constant and certain 
of duplication. The writer regrets to report that attempts to 
measure audibilities by the shunted telephone method, using 
a Brandes 3,200 ohm telephone receiver, were not very successful, 
since the bulbs began to give the siren effect as soon as the 
shunt was reduced to between 100 and 300 ohms. Shunts were 
occasionally made with two receivers in series. For Arlington 
working on 6,000 meters by daylight, this shunt was usually 
about 200 ohms when they were working with “МВА” (Darien, 
Panama Canal Zone). The writer is of the opinion that such 
shunts cannot readily be translated into audibilities, since 
shunting a receiver unquestionably affects the conditions of 
oscillation in the bulb, and the effectiveness of the shunt depends 
on the pitch of the signal observed. Bulbs giving equally loud 
signals will shunt down to very different values. 

Observations were begun in the latter part of April, 1916, 
and daylight signals from Arlington, Virginia; Key West, 
Florida; Darien, Panama Canal Zone; Sayville, Long Island; 
Tuckerton, New Jersey; Great Lakes, Illinois; New Orleans, 
Louisiana; San Diego, California; Bolinas, California, and 
South San Francisco, California, were always readily readable 
when the plane of the rectangle coincided with the direction 
from which the waves arrived. The distance from Darien is 
3,000 miles (4,800 km.). During June and July, the strays 
prevented the reception of Bolinas and very often of South San 
Francisco. The most remarkable performance was the almost 
daily reception of the 2,500 meter mid-day time signals from 
Arlington up to date (July 6). The tone of the spark was de- 
stroyed, as it was absolutely necessary to have the bulb oscillating 
in order to get the signals. 

The 7:30 P. M. Central time press reports sent out on the same 
wave length were copied nearly every day up to June 15, altho 
it is broad daylight here at that hour. 

In connection with these results it may be pointed out that 
the efficiency of a receiving system in the period of summer 
strays depends not so much on the absolute audibility of the 
signals as on their relative audibility as compared with strays 
and other disturbances. In this respect, the rectangle has a 
very great advantage. If the strays are equally disttibuted 
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from all points of the compass, the rectangle, owing to its di- 
rectivitv, cuts out a considerable part of them. 

The selectivity may of course be greatly increased by using 
a variable condenser in series with the rectangle and adding 
an inductive coupler. The set then becomes a standard set 
with the antenna and ground replaced by rectangle and variable 
condenser. The signals are about 50 per cent. stronger when all 
adjustments are carefully made, and the strays are a little 
weaker. Such an arrangement was used when working at night, 
when an arc light less than 300 feet (100 m.) distant created bad 
interference below 6,000 meters. With this standard and well- 
known arrangement, however, the set loses the prime advantage 
of simplicity. The operation involves just twice as many 
adjustments. 

Experiments were continued with two other rectangles, 
each of sixteen turns wound edgewise, or in the plane of the 
rectangle. One rectangle, having an area of 103 square feet 
(9.57 sq. m.) was hung against the east and west wall ot a second 
floor room, and the other, of 77 square feet (7.15 sq. m.) area 
was hung against the north and south wall. Figure 2 shows the 
connection used. By closing the switch Sj and throwing the 
switch S, to the left, the east-and-west rectangle could be used; 
by closing S; opening S, and throwing S, to the right the north- 
and-south rectangle was in circuit; by opening Sı, throwing S; 
to the right and closing $5 to the left both rectangles were in 
service, and so connected as to have directivity to the southeast. 
By reversing the connections of the north and south rectangle 
(by throwing S; to the left) the resultant directivity could be 
changed from northwest and southeast to southwest and north- 
east. With this arrangement signals from all points of the 
compass could be received with a fair degree of directivity. 

This set permits most of the selective advantages of the 
single rotary rectangle in а convenient and easily concealed 
permanent installation. The rectangles may be readily con- 
cealed behind a tapestry or, if need be, inside of the wall, except 
in the case of steel structures where they could not be used 
inside for reception over distances greater than 500 miles (800 
km.) depending on the type of building and its surroundings. 

An example of the usefulness of the two rectangle combina- 
tions may be cited. When Darien 19 degrees southeast from 
Grand Forks is sending at the same time as south San Francisco 
58 degrees southwest, there is no interference even on the same 
wave length if the switch S; is thrown so as to give southwest 
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directivity in the one case and southeast in the other. Similar 
results were obtained in eliminating interference between Arling- 
ton and Bolinas. The southeast combination eliminates San 
Diego while the southwest combination greatly weakened 
Arlington signals altho they were still readable. If Arlington 
and San Diego were sending simultaneously, they could readily 
be separated. 


5 95 
J Sı 


To 
Receiver 


FIGURE 2—DovBLE Loop ARRANGEMENT 


For best results, the two rectangles should be separated so 
as to cut no common flux, altho this was not done in the experi- 
ments here described. 

With a single rectangle of 16 turns, a loading coil was used 
above 3,500 meters, and also with two rectangles above 5,000 
meters. À larger and variable number of turns on the rectangle 
will permit the omission of the loading inductance and à maximum 
reception at all waves. The latter is of no great advantage 
after à certain number of turns have been reached, as the gain 
in signal strength is no longer proportional to the number of 
turns. Sayville, distant 1,170 miles (1,885 km.), could be read 
with 5 turns, on one rectangle, in the evening, during April. 

Reception with the rectangles was compared from time to 
time with reception on the regular set at Grand Forks, using the 
800-foot (243 meters) three-wire antenna the far end of which 
is 120 feet (37 meters) high, and near end 60 feet (18 meters) 
high. Altho the signals at Grand Forks are very much louder, 
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they are, with few exceptions, not so readable thru the summer 
strays. 

The advantage of the set here described may be summarized 
as follows; it is cheap; compact; immune from storm damage; 
sufficiently sensitive; thoroly reliable; simple in adjustment; 
and, by its directivity, partially eliminates strays and reduces 
interference. Moreover, it is readily concealed, if, for military 
or other reasons, it is desirable to do so. 


SUMMARY: A closed 3-meter square loop of 16 turns of wire, hung about 
1.5 meters from the ground, was used for long distance reception with an 
oscillating audion. Daylight overland reception from stations as distant as 
3,000 miles (4,800 kilometers) was regularly accomplished. 

A combination of two similar loops was also employed, and considerably 
increased the directional selectivity. 

The inherent directional qualities of these receivers were utilized in the 
reduction of strays and interference. 
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ON MEASUREMENT OF SIGNAL STRENGTH* 


By 
W. Н. EccrEs, D.Sc. 


(PROFESSOR OF APPLIED PHYSICS AND ELECTRICAL ENGINEERING, CITY AND 
GUILDS OF LONDON TECHNICAL COLLEGE, FINSBURY, ENGLAND) 


The theoretical discussion below has been written with the 
object of emphasizing the difficulties that arise in the interpreta- 
tion of the shunted telephone method. Besides this difficulty of 
interpretation, it is notorious that the measurements by the 
shunted telephone are not susceptible of accuracy. Now that 
the War is over, it is to be hoped that new measurements by 
improved methods will be attempted and that those to whom 
will fall the great opportunity of carrying out the work will 
select methods capable of yielding trustworthy information. 

The American investigators of the strength of signals from 
great distances have made much use of an aural method of 
measurement called variously the “shunted telephone" ог 
“parallel ohm" method. The measurement consists in connect- 
ing a variable resistance across the telephones and finding the 
value of the resistance that will just reduce the sound of the 
signals to a standard intensity called the unit audibility. 
This value substituted in a formula gives a number called the 
“audibility factor." “Unit audibility” is defined for any given 
set of apparatus as that at which dots and dashes may just be 
discriminated. The formula used by L. W. Austin and by J. L. 
Hogan for calculating the audibility factor A from the value of 
the shunt is 

A= res) (1) 


where S is the resistance of the shunt in ohms and R the impe- 
dance, or perhaps the resistance, of the telephones. There is 
some doubt about accepted usage with regard to the symbol R, 
but, as will be shown later, the use of impedance or resistance is 
less material than will at first sight appear. Where it is helpful 
to distinguish the two cases we may write 


* Received by the Editor, February 25, 1919. 
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| (£8). 

The typical circuit for the measurement of the audibility 
factor is given in Figure 1. It will be obvious that the chief 
effect of varying S is to change the proportion in which the 
pulsating current from the detector divides between S and the 
telephone. But, in addition, varying the shunt alters the resist- 


FIGURE 1 


ance in series with the detector, and the shunt, it will be noticed, 
permanently affords for radio oscillations a path additional to 
the condenser Сз. However, to remove this defect, it has been 
proposed to insert a choking coil in the lead between С; and the 
telephone at the point marked 7. Sometimes instead of includ- 
ing a condenser С; in the detector circuit, the capacity of the 
telephone leads and windings is entrusted with the task of passing 
the radio oscillations, the telephone then replacing C3. 

Let us imagine that continuous waves are being received 
and heterodyned and that an audible note is being produced in 
the telephone. The question arises: How does the audio fre- 
quency current distribute itself between the telephone and the 
shunt? We shall investigate this problem by supposing that 
an audio sine voltage of amplitude V exists at the terminals of 
the parallel circuit, superposed upon a steady component which 
may be disregarded in the analysis. 

The circuit and its vector diagram are drawn in Figures 2 and 
3, the circuit being regarded for the purpose as an auto-trans- 
former with resistance coupling, the common part being S with a 
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current Z+J traversing it, the telephone having a current J 
thru it, and the sine current of amplitude I being the current 
from the detector smoothed by condenser Сз and choking coil y. 
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FIGURE 2 FIGURE 3 


First the triangle OPB for the I circuit is drawn; it may be of 
any convenient shape for trial so long as the vector SJ is shown 
less than SI. In the triangle the potential drop S I is repre- 
sented by OP and is shown as made up by the applied voltage 
OB=V together with the reaction BP=SJ from the secondary 
circuit. This latter circuit is represented by the right-angled 
triangle OPC, wherein the potential drops аге PB = SJ, BC = RJ 
апа CO = XJ, where X is the audio reactance of the telephone. 
These are shown made up by the action РО = SI from the I 
circuit. From this triangle it is clear that OB represents ZJ as 
well as V, as is otherwise evident. 

The reactance of a telephone has been studied in great detail 
by many observers, and especially in recent years by A. E. Ken- 
nelly, G. W. Pierce, and H. A. Affel. From these rescarches it 
is known that the resistance of a telephone increases with fre- 
quency, while the reactance undergoes fluctuations near fre- 
quencies related to the natural frequencies of the diafram. The 
value of the reactance is never zero or negative, and as the 
audibility factor in a definite set of experiments is concerned 
with only one frequency, we may treat both R and X as positive 
. constants. 

Now їп the practice of the method the telephone current J 
is always brought to the same value, namely, that giving "unit 
audibility." Therefore OC, CB are constant, and as S is 
varied, BP varies in simple proportion. The ratio of OP to PB 


is the ratio T It is the ratio of the current from the detector 


thru the parallel circuit to the current giving unit audibility. It 
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will be called the strength ratio a, so that a= 5. The ratio 


eye =A, the audibility factor according to equa- 
tion (1). 


When the current I from the detector is just equal to J the 
strength ratio is unity and S must be infinite. Then P is at 
infinity and OP is parallel to BP. Also BP and CP are both 
infinite and the limit of their ratio is unity, that is the audibility 
factor is unity. At the other extreme, when the current from 
the detector is very great, S must be a very small resistance and 

| OP q CP 
РВ PB 
are then both infinite. The strength ratio is not equal to the 
audibility factor except near the limit А =1. 

The diagram enables the connection between a and A to be 
expressed easily. It is only necessary to write down the well- 
known trigonometrical equations for the cosine of the angle 
OPC in terms first of OP and OC and then in terms of OP, PB, 
and OB in order to obtain the relation 


a? = 1и 021 +2А—1 (3) 


The equation is exhibited as a hyperbola in Figure 4, which 
by its departure from the dotted line indicates that the value 
of A, the audibility factor, is in general considerably different from 
that of a, the strength ratio. 


therefore P is very near to B. The ratios 
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FIGURE 4 
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Austin, Hogan, and others have therefore used instead of 
equation (1) as the definition of audibility factor the equation 


In order to examine the connection between them we rewrite 
the equations in the form 
S(A-1)=R, S(A'—-1)-Z (4) 


and then by division obtain 


‚_,_(А—1)7 
A'—1- » (5) 
Then by substitution in equation (3) we get 
/ 
= (4-14 20 D E р (6) 


This is a rectangular hyperbola and is traced in Figure 5. Com- 
parison with the dotted line proves that the revised definition 
of the audibility factor still differs considerably from the strength 
ratio. However, since either audibility factor is readily com- 
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FIGURE 5 


puted, it is best, when the strength ratio is required, to compute 
A or A’ first, and then deduce a by aid of the appropriate formula. 

This method of measuring audibility can be applied legiti- 
mately to the determination of the variation of the strength of 
received signals from a moving sending station such as a ship, 
but it is not suitable for the comparison of different fixed sta- 
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tions having different note frequencies. In what follows, it 
will be supposed that the application is made to problems of 
the former kind. It is then necessary to examine what radio 
quantity the audibility factor and the strength ratio actually 
measure. 

First it must be noticed that since the telephone current J 1з 
always adjusted by ear to the same value, the terminal voltage 
V is always the same. Therefore the total work done in the 
telephone and shunt, which is 4 VI cos ф, where ¢ is the phase 
angle of Figure 3, depends on the first power of I. The power 
absorbed by the antenna is 4 (R,+R,’) If, №, being the antenna 
resistance, №,’ being the image in the antenna circuit of the 
detector resistance, and 7, being the antenna current amplitude. 
The proportion of this power passed to the detector is 3 R,’ I. 
Let 7 be the efficiency of conversion of radio energy to audio 
energy by the detector. Then we have by equating the ex- 
pressions obtained above 


VI совф= Rr’ I? (7) 


The image resistance R,’ depends on the couplings of the circuits 
between the antenna and the detector, and therefore these ought 
always to be rigidly constant in the application of the method. 
Then R,’ and V are the constants in this formula, and introducing 
a, the strength ratio, we may put aJ for I. We thus obtain 


_ У Јасозф 
E R; у (8) 


If у were constant the energy collected by the antenna would be 
represented perfectly by а соѕф and the antenna current would 
be proportional to the square root of a cos $; but у is not constant, 
tho for loud signals the efficiency is practically constant, and then 
we conclude that the square of the antenna current is measured 
by the quantity acoso. This may be evaluated from Figure 3 
by expressing the value of the cosine of $, which is the angle BOP, 
in terms of the lengths of the vectors. We obtain the equation 


а? (5° + 7°) — g 
2aZS (9) 


"fe 


acoso = 


which is easily evaluated numerically from experimental data. 
For small values of S, that is for loud signals, we may say that 
approximately 

aZ 


а созф = o ¢ 


(10) 
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For large values of S, that is for faint signals, we may write 
approximately 
(а2—1) 8 | 
2aZ 

The quantity а соѕф may be called the audio power ratio. If 
the detector were of the same efficiency for all magnitudes of 
radio current, this quantity would also be the radio power ratio. 
But until the efficiency is thoroly investigated at low powers, 
the extant measurements on the propagation of signals to great 
distances cannot be confidently interpreted. 

Some progress towards this interpretation has been made by 
B. van der Pol. Damped trains of oscillations were induced in 
a typical receiving circuit by means of a variable magnetic coup- 
ling with a circuit in which constant oscillations were being pro- 
duced. The calibration of the mutual inductance gave the rela- 
tive magnitudes of the oscillatory current passed to the detector 
at various settings. The receiving circuit contained a shunted 
telephone and measurements of the audibility factors were 
made at all settings. The results are seen in Figure 6 from van 
der Pol’s paper in the “Philosophical Magazine" of September, 
1917. From abscissa 0.6 (where А =4) to 2.2 (where A = 160), 


a cos $= 
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FIGURE 6 


the curve is straight with gradient 0.5. This indicates that A 
is proportional to the square of the radio current delivered to 
the detector, or that the audibility factor is a fair measure of 
the signal energy for medium strengths. With weaker signals, 
however, while A ranges from 4 down to 1.2, the logarithmic 
curve bends downwards so as to pass thru the origin correspond- 
ing to unit audibility. During this stage the audibility factor is 
proportional to powers of I gradually changing from 2 to 0.7. 
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It has been pointed out by G. W. O. Howe that the use of 
A’ instead of A, that is to say, the use of the telephone impe- 
dance instead of its resistance in the calculations, would bring the 
straight part of the curve slightly lower on the diagram. The 
straight parts are, however, not of great interest. The impor- 
tant part of the curve, for the purpose of interpreting the results 
of measurements on long distance signalling, is the curved part. 
Since A and A’ are connected by the linear relation (5), the sub- 
stitution of one for the other leaves the general appearance of 
the curve unchanged tho tending to straighten it a little. The 
effect of using а соз ф is, however, significant. The relation 
between these modes of measuring is best seen by redrawing 
Figure 3 so as to exhibit Ор= OP соѕф, and, after dividing 
every line by SJ, marking them with their values. Then keep- 
ing the unit line constant and imagining S to decrease a little, 
we get the consequent increases of A,a, and OD as marked in 
Figure 7. Clearly d(OD)>da>0A. The longer the unit, that 
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is the weaker the signal, the more does д (OD) exceed да, but 
the less does да exceed д А. This is indicated in Figure 8. 
The curves a and acoso tend to approach and run together 
when signals get very strong. 
The main result is that van der Pol's curve of Figure 6 be- 
comes greatly straightened when the power ratio is taken as the 
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measure of signal strength, which in turn seems to show that the 
detector is not losing its efficiency as fast as at first sight appears 
with decreasing signal strength. 
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FIGURE 8 


The practical importance of the measurement of signal 
strength arises out of the fact that for purposes of design the 
law giving strength of signal with distance of propagation should 
be accurately known. At the present time we have to use the 
Austin-Cohen formula, which is apparently based on observa- 
tions of the quantity A'. The records could be reduced to terms 
of the power ratio a cos ф by means of the formulas and diagrams 
above if Austin and Hogan had made it clear which of their 
various definitions had been used on the various occasions and 
had fully chronicled the relevant details of their apparatus. 

The difficulties attending the use of the audibility method 
of measurement of signal strength, including the prime diff- 
culty of the uncertainty of the behavior of the crystal detector, 
may all be overcome by calibrating the detector and circuits 
repeatedly, or, what is perhaps better still, by measuring the 
strength of the received signals by balancing their telephone 
sound against locally produced signals of the same pitch and of 
adjustable measurable intensity. 

A number of circuits for doing this have been proposed for 
damped waves, and some that have been used by the author and 
found trustworthy at sea are shown in Figures 9, 10, and 11. 
They were used with damped waves, but can be used with 
chopped continuous waves without change. The method con- 
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sists in exciting the antenna by means of a tuned circuit giving - 
very feeble oscillations of adjustable strength, which is coupled 
to the antenna to an extent decided upon beforehand as suitable. 
These locally produced signals are of course heard in the telephone 
at the same time as the signals from a distance and can be ad- 
justed to the same audibility. The local oscillations are pro- 
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FIGURE 9 


duced in the circuit L'C' by means of the contact E, E», which is 
rapidly made and broken by the buzzer B and thru which, when 
contact is made adjustable, electromotive force is applied from 
the potential divider P. "The beating contact E; E; must be 
carefully insulated from the buzzer, and the magnet of the buzzer 
is partly short-circuited by a resistance to prevent sparking at 
the driving contact breaker. The coil L’ is coupled to the an- 


FIGURE 10 
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tenna loading coil L, and M is set before the experiments at a 
convenient value. The key K in the circuit of the potential 
divider enables the operator to send dots and dashes. The 
buzzer should be adjustable in pitch and made to give the same 
note as the signals being made. The circuit L’C’ must be tuned 


FIGURE 11 


to the antenna and to the waves. Ideally the damping of this 
circuit should be made the same as that of the signals received. 
Instead of the tuned circuit L’C’ a plain inductance coil may be 
used; that is to say, the condenser C’ could be removed; or, even 
simpler, L’ may be made to coincide with a portion of L, as in- 
dicated in Figure 10. In this case also it is well to insert a large 
resistance №’ in the circuit of the potential divider. The antenna 
is in this mode of operation said to be excited by "impulsing." 
A simpler circuit still is shown in Figure 11, where R is a high 
resistance consisting of an electrolyte in a glass tube with one 
moveable electrode. With this last apparatus the signal strength 
is matched by varying the high resistance. All these methods 
gave, during such trials as the author could carry out on com- 
mercial stations working their ordinary programmes, practically 
the same measures, and appeared easier to operate with confidence 
than the shunted telephone method. 

The above three methods are sketched in order to show how 
very simple the apparatus may be for improving upon the un- 
assisted audibility method. So far as the author’s experience 
goes with, for instance, the last of the three, the possible accuracy 
is much greater than with the audibility method. But it should 
be mentioned that in truth no really satisfactory comparison 
between the diffraction theory of the propagation of waves round 
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the globe and the experimental facts can ever be obtained with 
trains of damped waves, if only for the reason that the theory 
has regard only to sustained waves. Thus it is to be hoped that 
future experimenters will use sustained waves, which, besides being 
nearer to theoretical conditions, will enable all sorts of difficulties 
arising from the unknown behavior of detectors and from the 
presence of audio harmonics to be eluded. It is possible also, 
by the aid of sustained waves, to escape all the doubts which 
arise from the use of that crude measuring instrument, the tele- 
phone receiver. The author has recently been conducting lab- 
oratory measurements in which oscillations were received, hetero- 
dyned, rectified, the low frequency results amplified, and then 
measured by a tuned vibration galvanometer, and has found that 
conditions can be kept very steady even with high amplifica- 
tions. The necessary modifications of the damped oscillation 
circuits of Figure 9 are obvious; the buzzer must be replaced 
by an ionic relay so as to sustain oscillations in the circuit L'C' 
and the intensity of the oscillations induced in the antenna for 
heterodyning must be varied either by varying M or varying the 
intensity of the oscillations in L'C'. The recciving circuit 
would of course be one adapted for beat reception. 


SUMMARY: The “shunted telephone" method of measuring audibility of 
received signals is discussed, and it is shown that the audibility factor as 
usually calculated, may vary widely from the true strength ratio. This is 
true whether shunted resistance or shunted impedance is taken as the basis 
of calculation. 

The author then determines the radio quantity corresponding to any 
determined audibility factor or strength ratio. This is of importance in con- 
nection with quantitative measurements on long distance transmission. 

An alternative comparison method of measuring incoming signal strength 
is described, wherein the antenna may be excited from a local buzzer of ad- 
justable pitch and having an independent contact for the antenna “impulsing 
circuit." This method is regarded as more accurate than the usual one. 

Sustained waves should be used for transmission experiments, and these 
may be received, heterodyned, rectified, amplified, and measured quantitatively 
by a vibration galvanometer. 
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DISCUSSION 


Louis W. Austin (by letter): Doctor Eccles’ paper is of great 
interest to me on account of the long use of the shunted tele- 
phone method in my laboratory. His Figure 5 shows that the 
audibility, when the impedance of the telephones is used in the 
calculations, is practically proportional to the strength ratio, 
except for the curved portion of the hyperbola lying to the left 
of unit audibility, where, of course, it has no physical meaning, 
as there Z would be greater than infinity. 

On account of the difficulty in determining the effect of the 
shunt with high frequency oscillations, I always prefer, in my 
work, to calibrate the apparatus by a comparison of the tele- 
phone shunt readings with the readings of a galvanometer, 
which can be connected in place of the telephones. In the case 
of silicon, perikon, and many other crystal detectors, the gal- 
vanometer readings are strictly proportional to the squares of 
the radio frequency currents. The method used in the calibra- 
tion for oscillating audion reception have already been described 
to the Institute (PROCEEDINGS or THE INSTITUTE OF RADIO 
ENGINEERS, volume 5, page 239, 1917). 

In one place in his paper, Doctor Eccles refers to uncertainty 
in regard to whether resistance or impedance was used in the 
calculations of the Brant Rock experiments. ("Bulletin of the 
Bureau of Standards," volume 7, page 315, 1911.) Professor 
Love has assumed (“Transactions Royal Society," London, 
Series A, volume, 215, page 105, 1915) that the resistance of the 
telephone, 600 ohms, not the impedance, 2,000 ohms, was used, 
and has used his conclusions to support the MacDonald trans- 
mission theory. I have never been able to understand how such 
an uncertainty could have arisen, as the question of resistance or 
impedance does not enter into the plan of calibration used, which 
is shown on page 319 of the paper and is explained in the text. 
There Table 1 gives the currents measured in the antenna with 
the silicon detector “D” and the corresponding shunts required 
to reduce the telephone currents to audibility. As has been 
said, the deflections of a galvanometer with a silicon or perikon 
detector are proportional to the squares of the radio frequency 
currents. Table 1 was made from the smooth curve giving the 
relation of telephone shunt to observed antenna current. "The 
values given in the table show that using the impedance of the 
telephone, 2,000 ohms (note 8, page 318 of the paper) the antenna 
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current 18 approximately proportional to the square root of the 
Z8 
S 

I have made many experiments with Doctor Eccles’ com- 
parison methods, examples of which are shown in his Figures 
9, 10, and 11, but cannot say that I have found them better than 
the shunted telephone. For several months last year, experi- 
ments were carried on in matching the beat tone in telephones 
used in oscillating audion reception, by means of a known vari- 
able current of the same frequency in a circuit into which the 
telephones could be connected. This was practically the same 
arrangement recently described before the Institute by Doctor 
Van der Bijl in his paper on detecting efficiency of the thermionic 
detector. This is, undoubtedly, the most accurate method of 
measuring telephone currents in the laboratory, the results 
agreeing within two or three per cent. But unfortunately when 
atmospheric disturbances are present, as is usually the case in 
long wave reception, their presence in one circuit and absence 
in the other, renders the accuracy of measurement no greater 
than with the shunted telephone. 


audibility calculated from the equation A — 
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THE CABOT CONVERTER* 


By 
CLAUDE F. Cairns 


During the vears 1912 to 1915, the writer had the pleasure of 
working with Mr. Sewall Cabot of Brookline, Massachusetts 
on the development of a polyphase commutator, or machine 
for converting polyphase alternating currents of commercial 
voltages to non-fluctuating voltages as high as 100,000. During 
that time machines were built to deliver voltages within these 
limits, some of which are still in commercial operation. 

The field for the Cabot converter is that covered by all ma- 
chines now employed for the production of direct current of 
any desired voltage from an alternating current or direct cur- 
rent source of another voltage, and furthermore as direct current 
generating machinery is unsatisfactory for voltages over 2,000, 
the Cabot converter fulfills a long felt want in efficiently supply- 
ing voltages greater than this. 

The Cabot converter consists of a constant potential poly- 
phase transformer with a primary winding exciting a relatively 
small number of magnetic circuits, and a secondary winding of 
a relatively large number of phases, from which wires are led to 
commutating parts driven by a motor in synchronism with the 
alternating current supply. The transformer is the essential 
part of the apparatus, as it is here that the secret of the successful 
operation lies. The primary is usually wound as a three-phase 
delta-connected winding directly connected to the alternating 
current source, and the secondary is usually a nine-phase ring- 
connected winding. Altho the primary may be wound for 
any number of phases greater than one and the secondary any 
number greater than nine, as will later be scen, three-phase to 
nine-phase winding readily lends itself to good mechanical and 
electrical practice. The method of obtaining a nine-phase ring 
winding can best be shown diagrammatically. Figure 1 indi- 
cates the method. 

"The six-sided symmetrical polygon shown in Figure 1 has 


* Received by the Editor, November 26, 1917. 
281 


adjacent sides the ratio of which are 1.79 to 1.49, and which are 
120° apart. A circle with its center at the center of the polygon 
may be drawn which will cut the sides in nine points equally 
spaced or 40° apart. It can readily be seen that if the number of 


FIGURE 1—Diagram of 3-Phase to 
9-Phase Transformer 


turns used in the secondary winding are such that their ratio is 
the same as that of the symmetrical polygon, if they are con- 
nected in the proper direction, and if leads are brought out at the 
proper points, a ring winding will be formed the same as with 
a Gramme ring having nine phases. Inside of the diagram is 
shown the three-phase delta-connected primary winding marked 
A,B,C. Three of the nine phases are made up of windings which 
are in phase with the primary windings and the other six phases 
are made up of two windings connected together, one of which 
is in phase with one of the primary phases and the other in phase, 
or rather 180? out of phase, with another primary phase. If 
the turns of one of the nine phases totally in phase with the pri- 
mary is taken as 1, then the turns of the windings which make up 
the other phases will be 0.395 and 0.743. The secondary of a 
three-phase to nine-phase transformer has therefore inherently 
about fifteen per cent. more copper than a straight three-phase 
to three-phase transformer, for in order to get a given voltage 
for six of the phases it is necessary to use two windings of unequal 
voltages, 120° out of phase. 

The leads from the nine points equally spaced, which means 
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equal voltage between them, are connected to the commutating 
parts just as are the leads of an ordinary armature winding. 
When using a four-pole motor for driving, the commutating 
parts consist of nine brushes on nine slip rings, an eighteen- 
segment commutator, and four brushes, for low voltage machines, 
or nine brushes equally spaced around a four-segment commutator 
and two slip rings for high voltage machines. In the case of low 
voltage machines, the voltage between segments is that of each 
is of the total d. c. voltage; and in the case of high 
voltage machines is the vector sum of the voltages of two phases, 
as every other phase lead is connected to adjacent brushes, and 
the opposite segments are connected to the same slip ring. 

In all machinery used for producing non-fluctuating direct 
current, the practice is to have a stationary electrical field and 
to rotate the iron and wire. The Cabot converter, however, 
has a rotating electrical field and holds the iron and wire station- 
ary. The problems of commutation are very similar except that 
the Cabot converter has no armature reaction and for this reason 
readily lends itself to mathematical treatment and allows the 
use of a higher voltage between segments on the commutator. 
As in d.c. armature construction, the load current of the 
Cabot converter passes into and out of the secondary of the 
transformer at opposite points, and divides equally thru the 
two paths of the system. For successful commutation, the 
current flowing in any one of the phases must come to 
zero and reach an equal magnitude in the opposite direc- 
tion during the time such phase is kept short circuited 
by the brushes on the commutator. As is well known, the 
inductance of the phase keeps the current flowing in the same 
direction, this necessitating an e. m. f. being built up in the op- 
posite direction in order to bring the current to zero, and to 
establish it in the opposite direction. The force tending to 
keep the current flowing in the coil is known as the reactance 
voltage and is specifically equal to the inductance times the rate 


phase or 


of change of current: L T 


a straight line, this can be written LÎ, where 7 is one-half the 


As the current falls along practically 


full load current and ¢ is the time of short circuit. In all previous 
work on commutation of stationary polyphase windings, it was 
without doubt felt that the inductance of the phase commutated 
is the total inductance of the winding. On the contrary, how- 
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ever, it is the leakage inductance of the phase which makes itself 
felt at the commutator. 

The transformer is therefore wound so that the leakage in- 
ductance of the phases shall be a minimum consistent with good 
practice. This is accomplished by having each of the phases 
and each of the windings used in making up a phase of the 
secondary linked thruout their winding length with a complete 
primary winding. By so winding the transformer, it is possible 
to employ the well-known formula for leakage inductance: 


z PT De. -9 
(3 + 3 +) 10 * henries. 


This applies to a two layer winding on a core type transformer, 
where 


N - number of turns in phase or winding, 

p=mean turn in cms., 

| -length of winding channel in cms., 

z-radial depth of primary in cms., 

y —radial depth of phase or winding in cms., 

g — width of the gap between primary and phase or winding 
in cms. 


Of course, by further sandwiching the coils, the leakage in- 
ductance can be further reduced. 

The leakage inductance of a transformer so wound is very 
much less per turn for a given output than in armature construc- 
tion which necessitates an air gap; and, as mentioned before, 
ihere is no such phenomena as armature reaction with which to 
contend. This readily explains why successful commutation 
can easily be obtained with only nine phases with the Cabot 
converter against sixty or more with armature construction, 
without employing any electrical or mechanical means of pro- 
ducing a commutating e. m. f.—other than the resistance of the 
circuit—or shifting the angle of commutation. For low voltage 
machines, up to 220 volts, the leakage inductance of the trans- 
former is so small that very low resistance brushes may be em- 
ployed, thus effecting a great saving in the size of the commutator 
and the watts lost due to friction and J? R losses. 

When, however, the d. с. voltage to be delivered attains 
higher values, the leakage inductance of the transformer in- 
creases about proportionately, and means must be provided for 
shifting the angle of commutation in order to utilize the e. m. f. 
induced in the winding, or for providing some form of commutat- 
ing e. m. f. successfully to reverse the current. If the brushes 
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are given a permanent forward shift so as to have sparkless 
commutation at full load, sparking will occur at no load and vice 
versa. The amount of necessary shift can, however, be readily 
calculated by a simple mathematical process. 

Consider the circuit shown in Figure 2. 


FIGURE 2 


The resistance of the brush has been neglected, as in high 
voltage machines it is negligible compared with the winding. 


L =the leakage inductance of the phase under commutation, 
R =the resistance of that phase, 

I =the current flowing in the ring or one half the load current, 
1 = ће current in the phase at any instant, 

e=thee. m. f. at any instant induced in the phase. 


Then Le +Rite=0, 


Le +RitE sin (01+ф)=0, 


which, when solved, gives 


а) 
Е 
– Tie (х+ф- 0), 
where 
—tan 2, 
0 —tan R 


$ =the angle at which the short circuit comes on, 

x = electrical degrees of duration of the short circuit, 
J = frequency of alternating current supply, 

Е = maximum e. m. f. induced in the phase, 

о = 2: f. 
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This equation gives the value of the current in the coil being 
commutated at any instant after the short circuit comes on, pro- 
vided we know the other quantities. All the quantities are 
constants of the transformer except ф and x. The quantity = 
is the number of degrees the short circuit has been on at the in- 
stant at which the value of ? is to be determined. Therefore 
only $ is left as an unknown which it is necessary to determine. 
In order to have commutation complete at the instant that the 
short circuit is removed, ? must be equal to —7. With this value 
of i, putting x equal to the number of degrees of short circuit, ф 
can be determined. 

Then the equation will be 


E 
~1=|14 Fe ~= sin(o- ДЕ “0 
-UEIAL = sin(z4-$ — 0). 


I is one half the load current, and therefore for different 
values of J it will be necessary to have the short circuit come on 
at different times in order that the current may be completely 
commutated. Now Ф is the angle at which the short circuit 
comes оп, and the difference between the value of $ when 120 
and J = 1 of the full load current is the necessary angular shift, 
to have sparkless commutation from no load to full load. 

It is interesting to note that if intermediate values of the 
necessary shift between full load and no load be computed, they 
will be directly proportional to the load current within a very 
considerable degree of precision. 

From the above it is evident that the requisite shift may be 
obtained by any leading quadrature e. m. f. which is proportional 
to the d. с. load or the brushes themselves may be mechanically 
moved forward or the commutator retarded a predetermined 
amount proportional to the load. 

To produce a quadrature e. m. f., there could be inserted in 
the leads to the transformer three series transformers across the 
secondaries of which are connected condensers. As the load . 
comes on, the voltage across the condensers increases, and hence 
the voltage impressed on the transformer is shifted forward in 
regard to time in proportion to the load, since the capacity reacts 
thru to the line as the square of the ratio of transformation. The 
same results may be obtained by using synchronous machinery. 
Either on the same shaft with the commutating parts, or driven 
by a separate motor, is a rotor having a field winding thru which 
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is passed the d. c. load current, or a part of it, by means of a shunt. 
Surrounding the rotor is a stator on which is a three-phase wind- 
ing left open in order that the three-phase a. c. leads to the trans- 
former may be connected in series. In this way an e. m. f. is 
induced in the main leads. Тһе magnitude of this e. m. f. is 
determined by the field strength, and the time phase is determined 
by the position of the field relatively to the stator. In this way 
the angle of the impressed e. m. f. may be shifted proportion- 
ately with the load and in the right direction to produce a com- 
mutating e. m. f. In addition to this feature, compounding is 
obtained, for as the load increases the magnitude of the induced 
e. m. f. increases, which increases the impressed e. m. f. and also 
changes its angle. 

To shift the brushes forward mechanically, or to do what 
amounts to the same thing, that is, to retard the commutator, 
the best method is shown in Figure 3. А copper disc, mounted 
on the shaft with the commutator, is made to rotate in a magnetic 
field produced by a winding in series with the d. c. load current. 
As the load current increases the eddy currents induced in the 
disc retard the rotor of the driving motor and change its running 
angle by an amount proportional to the d. c. load. 


COPPER ASC 


PIAGNET) 


2C LOAD LEAS 


Figure 3—Mechanism for Changing 
Angle of Commutation 


The same results can be obtained by introducing resistance 
into the ‘circuit in which the commutating current is at any 
instant flowing. By this method the current flowing in the short- 
circuited coil is brought to zero by dissipating itself in heat and 
is established in the opposite direction by the e. m. f. induced in 
the same coil by the primary. When a four pole machine is used 


287 


for driving, the commutating parts consist of nine brushes, a 
four-segment commutator, and two slip rings. This construc- 
tion readily lends itself to a form whereby the same resistance 
may be employed for all phases, thereby eliminating the necessity 
of putting resistance in each phase or brush. The two opposite 
segments on the commutator are connected to the same slip ring 
and since the phase being commutated at any instant is short- 
circuited by these two segments and slip ring, resistance may be 
inserted in the wires connecting these three in series. The 
amount of resistance necessary can readily be calculated by the 
same method as that employed in calculating the necessary 
angular shift for complete commutation. To do this, it is neces- 
sary to find what value of E in the previous formula will give 
practically the same value for $ when J=0 and when 7 =one- 
half the full load current. In determining the value of R to 
insert in the wires, the cut-and-try method very often serves 
very well, as the angle of commutation is not very critical and 
a slight excess is detrimental only to efficiency. 

When the d. c. voltage reaches values as high as 80,000 to 
100,000, the leakage inductance of the transformer attains such 
values that the necessary shift in the angle of commutation be- 
comes very appreciable. Altho a complete investigation has 
never been made it was found that with such voltages the use of 
what has been termed serial subdivisions gave satisfactory re- 
sults for low power. The serial subdivisions consist of brushes 
and segments so timed by their position on the shaft that when 
the circuit of the coil being commutated is broken the break 
occurs at several points simultaneously. This procedure brutally 
breaks the current which at that time may still be flowing in the 
circuit, and has no practical value for larger powers than a few 
kilowatts. 

Altho machines of large power output have never been built, 
the design of such machines show that the problems in commuta- 
tion are the same as for small power, and that the reactance volt- 
age is independent of power for a given voltage, since the increase 
in current is offset by the decrease in the leakage inductance of 
the windings. In low-voltage machines of high power the in- 
ductance of the leads from the transformer to the commutator, 
will, unless properly grouped, be in excess of the leakage induct- 
ance of the winding. 

The production of non-fluctuating direct current from alter- 
nating current by the rotation of iron and wire is accompanied by 
losses in electrical energy greatly in excess of the copper losses in 
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the armature, and the active material used for magnetization 
purposes is nearly three times the amount used in the armature 
for conversion purposes, because of the necessary air gap. The 
Cabot converter, however, accomplishes the desired result with 
a relatively large efficiency as the losses are only those of the 
transformer, the brush Z?R, the input into the motor used to 
overcome the brush friction, and the losses (in high voltage 
machines) due to the method used for shifting the angle of com- 
mutation or for providing a commutating e. m. f. 

The losses in the transformer are of course small. In low- 
voltage machines, the reactance voltage is so low that the lowest 
resistance carbon brush may be used, resulting in small brush 
Г.Р and small friction watts owing to the higher current density 
permissible with a low resistance brush. In high voltage ma- 
chines, the brush resistance becomes negligible, and the power 
used for aids to commutation is relatively small especially for 
high power output. 

The space occupied by a Cabot converter is much less than 
that required for a rotary converter or motor generator capable 
of handling the same amount of power owing to the small amount 
of active material necessary for excitation purposes in the trans- 
former and the small commutating parts necessary to handle the 
load. 

The Cabot converter has already been used for various pur- 
poses where non-fluctuating direet current is needed both for 
high- and low-voltage work. 

For low-voltage work, a machine was employed for charging 
storage batteries, converting 220-volt three-phase 60-cycle 
alternating current to 90- to 150-volt direct current, with a 
current value of 100 amperes. A machine has been employed 
for exciting a direct current arc lamp and one has been tested for 
its ability to run direct current motors with marked success. 

For high-voltage work several machines have been in use for 
the excitation of X-ray tubes giving voltages up to 100,000 at 
5 to 7 k. w. Some of these machines are still running today after 
five years of service. Machines have also been built for radio 
telegraph and telephone work at voltages from 900 to 2,000, to 
deliver in the neighborhood of 2 k. w. These machines have 
been adapted to spark gaps with tone circuits, but could easily 
be used wherever high voltages are employed in radio work. 

The advantages of the Cabot converter over the other forms 
of apparatus for converting alternating currents to non-fluctuat- 
ing direct current and machines for producing high potential 
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non-fluctuating direct current are very marked. For storage 
battery charging and gencral low-voltage work, the advantages 
are the ease with which the voltage may be varied by changing 
the primary turns, the greater efficiency, the lower first cost, and 
the smaller floor area. 

In the high-voltage field, the advantages are even more 
marked than in the low voltage field. In X-ray work, the ability 
to read the true voltage across the tube together with current and 
the time of exposure gives the operator a direct measurement of 
the watts per second, and hence the dosage given to a patient. 
Furthermore in radiographic work results can be duplicated as 
the penetration or quality of X-rays is proportional to the volt- 
age and the quantity is proportional to the current and time. 

In radio work, machines with rotating iron and wire become 
unreliable above 2,000 volts because of commutation and the 
difficulties of insulation. With the Cabot converter the insula- 
tion problems are no greater than with any high potential trans- 
former, and sparkless commutation can be obtained for even 
higher voltages without the use of mechanical or electrical means 
of shifting the angle of commutation but simply by the addition 
of resistance to the commutating circuit. For use on ships the 
Cabot converter would readily adapt itself because of the fact 
that any break-down could easily be attended to by the operator 
assuming him supplied with a small box of spare parts. 

Below are given the specifications for the transformer of a 
2,000-volt, 1 К. w., radio transmitter. 


A. C. supply voltage: 136 volts, 3-phase, 120-cycles, 

D. C. volts: 2,000, 

D. C. amperes: 0.5, 

Iron watts: 50, 

Copper watts: 60, 

Iron weight: 16 pounds (7.3 kg.), 

Copper weight: 4.2 pounds (1.9 kg.), 

Percentage efficiency: 90, 

Temperature rise: 50°, 

Reactance voltage: 15.7 volts for 12? (electrical), short 
circuit, 

Necessary shift in the angle of commutation from no load to 
full load: 0.5 electrical degrees. 


The transformer is wound as shown in Figure 4. 
Under each secondary winding is wound a complete primary 
winding, all of which, on the same leg, are connected in 
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parallel. By so winding the transformer, each secondary wind- 
ing is completely linked with a primary winding and therefore 
the leakage inductance formula may be applied to each section. 


2” 


Figure 4—1 К. W. Transformer for 
2,000 Volt D. C. Cabot Converter 


Altho the angular shift is only 0.5 degrees, by the addition 
of a few ohms of resistance in the commutating circuit the neces- 
sary shift can be reduced to zero which means that sparkless 
commutation will occur from no load to full load. This trans- 
former was actually built and used. 

There has been built and put into operation a 5 k. w. ma- 
chine to convert 220-volt, 3-phase, a. c. to 110-volt d. c. from 
which a 10 k. w. load was taken for 24 hours and a 15 k. w. load 
for several minutes with sparkless commutation! The reactance 
voltage was only 0.356 volts against a reactance voltage of 2 to 3 
volts for a standard rotary converter of 5 k. w. output. The 
over-all efficiency of this apparatus was 90 per cent. at full load 
with a very flat efficiency curve. 


SUMMARY: The Cabot converter is a combination of a few-phase primary 
and many-phase secondary transformer and a secondary circuit commutator 
driven by a synchronous motor. Direct current of high voltage can be readily 
produced, e.g. for radio transmitters. The converter has a lower reactance 
voltage than the standard rotary converter and has other constructional and 
electrical advantages. 


Digitized by Google 


ON THE POULSEN ARC AND ITS THEORY* 


(SUPPLEMENTARY NOTE)f 


By 
P. O. PEDERSEN 


(PROFESSOR IN THE ROYAL TECHNICAL COLLEGE, COPENHAGEN, 
DENMARK) 


A. MAGNITUDE ОЕ РЕАК ARC VOLTAGE REQUIRED FOR MAIN- 
TAINED OSCILLATIONS OF THE First KIND 
An approximate solution of this question is quite simply ob- 
tained, and may, therefore, be of some interest. Figure 1 shows 
the arc current, 1ı, and arc voltage, е, in the case of sustained 
oscillations of the first kind. The arc voltage is supposed to be 


Vi 


72^ f 


FIGURE 1— Diagram of arc current (i) and arc voltage (е) for oscillations of 
the first type (that is, oscillations without interruption of current thru arc) 


* PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, volume 5, num- 
ber 4, page 255. The nomenclature given on pages 315 and 316 of that paper 
applies also to the present paper. 

f Received by the Editor, December 18, 1918. 
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constant and equal to E, for currents greater than I^. The part 
a b c of the current curve can, therefore, be written in the form 


I,—ü = й0о= Im € “cos (2япі—ф), (1) 


where I,“ is the initial maximum amplitude of the current; 


while 
к=, and 2zn4/LC — 1. 

At the point c of the current curve, the voltage commences 
to increase, and f g h represents the peak; the corresponding part 
of the current curve is cda’. We shall now determine the rela- 
tion between the curves fg h and cd, a’. 

For the arc voltage e; we have 


-a =L F г РЕ? +i fiar (2) 


1; being the are current - 6 R, апа С the constants of the r.f. 
circuit. 

If we put = по – 1 where ть із a current as determined by 
(1), then 7,’ is the difference between this current and the actual 
arc current, that is, between the curves cde and cd,a’ in Fig- 
ure 1. 

Substituting the above expression for ?, in (2), we get the 
following equation: 


e —-e—E,-L ee +Ri 11 а= 2 f war (3) 


However, i,’ is so small that the last two terms may be neg- 
lected, and (3) may therefore be written 


e =e,—E,= Bt (4) 
pcc hee 


i(',,, a ( а 
JE T MC E,)d t. (9) 


At the point A, the are voltage again reaches its normal value 
E», and at the corresponding point a’ the current curve again be- 
gins to be represented by an equation of the form shown in (1). 
The maximum amplitude in the point d is reduced to Im", and if 
the oscillations are to continue with the same intensity, the 
maximum amplitude at the point d’ must be equal to Im“. The 
peak fgh must, therefore, be such as to be able just to cause 
this increase in maximum amplitude from Imt to Im’, if the oscil- 
lations are to continue. If the peak is lower, the amplitude will 
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or 


decrease continually and the arc becomes “inactive’’ or non-os- 
cillatory. If the peak is higher, the amplitude will increase, and 
eventually becomes greater than I,, the oscillations then being 
of the second kind. 

The area U of the peak such, that it is just possible to sus- 
tain the oscillations is, according to (5), determined by 


h 
U= f (e —E,) dt=Liy,’, (6) 


where 2,’ is the greatest value of 2,’ and corresponds to the point 
a’ of the current curve. For oscillations of constant amplitude, 
this value 7;4' must very nearly be equal to 1,*— Im? = 0 Im", where 


the logarithmic decrement d=zR Jf. Equation (6) may, 


therefore, be written 
$5 ہہ‎ If . 8. AR : 8, 
U=L8 Iq’ =7RVLC ° I, = gc d (7) 
This formula agrees with formula (59) of the former paper. 
Formula (7) may easily be obtained in another way. During 
one complete period, the feeding current delivers an amount of 
energy A to the r.f. circuit, and to the arc, such that 


tT h 
A= f айв f I, (e:-E,) dt=I,E,r+1,U (8) 
{ / 


The first term, J, E» т, represents the energy spent in the arc, 
while the second term, Г, U, is the energy delivered to the r.f. 
circuit. 

Accordingly we have 


ILLU=PRT=} I P R2 n VLC=zRVLC In? (9) 
But Im" is very nearly equal to I., and (9) accordingly reduces to 
U-zRALC-:I, 
which was to be shown. 


B. MAGNETIC FIELD OF THE POULSEN ARC 


The experimental evidence given in the former paper show- 
ing that the arc in too weak a field behaves as shown by the 
sketch in Figure 19 of that paper, may, perhaps, be deemed 
somewhat meagre. In fact, the evidence consisted only of part 
b of Figure 17b. Some crater oscillograms and side views which 
will probably be more convincing are therefore given in Figure 
2 of this paper. Parts b, b’ correspond to a normal field, c, c’ 
and d, d’ to fields which are too weak. A comparison with Fig- 
ure 19 of the first paper shows a complete agreement. 
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In parts a, a’ of Figure 2 the magnetic field is too strong. 
The crater curve in this case, however (contrary to what is the 
case in parts c and d of Figure 17b of the former paper), consists 
only of a single curve for each period. It thus appears that the 
crater curve in strong fields does not always split up into a num- 
ber of separate parts. This being so, there is some probability 


alia 


n Uu EU 25.) pee 


Figure 2—Side Views of Arc and Corresponding Crater Oscillograms 
Anode to the left. 14 =9,000 m.; R=0; 7, 220 amperes 


Parts a, a'—magnetic field too strong (V, = 120 volts) 
Parts b, b’—normal magnetic field (“о = 60 volts) 
Parts c, c'—magnetic field too weak (V,2100 volts) 
Parts d, d'—magnetic field too weak (1,2118 volts) 


that the preliminary hypothesis relative to the behavior of th^ 
arc in excessively strong fields put forth in the former paper, and 
referred to in connection with Figure 18 II, is not altogether cor- 
rect. The different parts of the crater curve corresponding to 
the time of one period may possibly be formed simultaneously, 
the arc consisting of separate parts which are forced outward in 
the same manner by the magnetic field. From the data at hand 
I have not yet been able to decide which of the two views is the 
correct one. To quote the former paper: “А full elucidation of 
these phenomena will, therefore, necessitate further investiga- 
tion " (former citation, page 297).* 


* [n the bibliography given in my former paper I had unfortunately over- 
looked an important paper by G. апош (Nova Acta Reg. Soc. Sc. Ups., 
Series IV, volume 1, 1907) dealing with the theory of the Duddell arc. 
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SUMMARY: Continuing the discussion of sustained oscillations of the 
first or second type produced by Poulsen arcs, as given in his earlier paper 
in the PROCEEDINGS, the author derives an approximate value for the peak 
voltage required for the maintenance of such oscillations. 

He then presents further experimental data on the nature of the arc in 
normal or too weak or strong magnetic fields. He also considers the question 
of the simultaneous versus sequential production of separate arcs during a 
period, when the arc takes place in a very strong field. 
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I. INTRODUCTION 


In the following paper are outlined some results of the appli- 
cation of the theory of circuits having uniformly distributed 
electrical characteristics to the electrical oscillations in antennas 
and inductance coils. Experimental methods are also given for de- 
termining the constants of antennas and experimental results 
showing the effect of imperfect dielectrics upon antenna resistance. 

The theory of circuits having uniformly distributed charac- 
teristics such as cables, telephone lines, and transmission lines 
has been applied to antennas by a number of authors. The 
results of the theory do not seem to have been clearly brought 
out, and in fact erroneous results have at times been derived 
and given prominence in the literature. As an illustration, 
in one article the conclusion has been drawn that the familiar 
method of determining the capacity and inductance of antennas 
by the insertion of two known loading coils leads to results which 
are in very great error. In the following treatment it is shown 
that this is not true and that the method is very valuable. 

Another point concerning which there seems to be consider- 
able uncertainty is that of the effective values of the capacity, 
inductance and resistance of antennas. In this paper expres- 
sions are obtained for these quantities giving the values which 
would be suitable for an artificial antenna to represent the actual 
antenna at a given frequency. 

The theory is applied also to the case of inductance coils 
with distributed capacity in which case an explanation of a 
well-known experimental result is obtained. 

Experimental methods are given for determining the con- 
stants of antennas, the first of which is the familiar method 
previously mentioned. It is shown that this method in reality 
gives values of capacity and inductance of the antenna close to 
the low frequency or static values and may be corrected so as to 
give these values very accurately. The second method con- 
cerns the determination of the effective values of the capacity, 
inductance, and resistance of the antenna. 

In the portion which deals with the resistance of antennas, 
& series of experimental results are given which explain the 
linear rise in resistance of antennas as the wave length is in- 
creased. It is shown that this characteristic feature of antenna 
resistance curves is caused by the presence of imperfect dielec- 
tric such as trees, buildings, and so on, in the ficld of the 
antenna, which causes it to behave as an absorbing condenser. 
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II. CIRCUIT WITH UNIFORMLY DISTRIBUTED INDUCTANCE AND 
CAPACITY 


The theory, generally applicable to all circuits with uni- 
formly distributed inductance and capacity, will be developed 
° for the case of two parallel wires. Тһе wires (Figure 1) are of 
length l and of low resistance. The inductance per unit length 


A B 
و الا سسس‎ 
FIGURE 1 


L, is defined by the flux of magnetic force between the wires per 
unit of length that there would be if a steady current of one 
ampere were flowing in opposite directions in the two wires. 
The capacity per unit length C, is defined by the charge that 
there would be on a unit length of one of the wires if a constant 
emf. of one volt were impressed between the wires. Further the 
quantity L,=l Lı, would be the total inductance of the circuit 
if the current flow were the same at all parts. This would be 
the case if a constant or slowly alternating voltage were applied 
at x=0 and the far end (x=l) short-circuited. The quantity 
C,—lC, would represent the total capacity between the wires 
if a constant or slowly alternating voltage were applied at т=0 
and the far end were open. 

Let us assume, without defining the condition of the circuit 
at х =1, that a sinusoidal emf. of periodicity w=2 7 f is impressed 
at x=0 giving rise to a current of instantaneous value ? at A and 
a between A and D equal tov. At B Шш current will be 


+5 — - dz and the voltage from B to C will be + da. 


Sie voltage around the rectangle A BC D sil be equal to 
the rate of decrease of the — thru the rectangle; hence 


(+ (= 2 — — ; Ciida) 
Ov еу 
ый Т (1) 


Further the rate of increase of the charge q on the elementary 
length of wire AB will be equal to the excess in the current 
flowing in at A over that flowing out at B. 
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Hence 


д д ‚ Qi 
P = Ž (сойз) -i- (a dp dz) 
`д1 Ov 
E ue C 3t (2) 


These equations (1) and (2), determine the propagation of the 
current and voltage waves along the wires. In the case of 
sinusoidal waves, the expressions . 


v — cos wt (A cos w VC, Lı z4-B sin w VC, L z) (3) 
i= sin wt Ve (А sinwVWC,L,x—-BcoswVWC\L,2) (4) 
1 


are solutions of the above equations as may be verified by sub- 
stitution. The quantities A and B are constants depending 
upon the terminal conditions. The velocity of propagation of 
the waves at high frequencies, is 


1 
puer л 
VL С, 


III. Tue ANTENNA 


1. REACTANCE OF THE AERIAL-GROUND PORTION 

The aerial-ground portion of the antenna (CD in Figure 2) 
will be treated as a line with uniformly distributed inductance, 
capacity and resistance. As is common in the treatment of 
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FIGURE 2—Antenna Represented as a Line with 
Uniform Distribution of Inductance and Capacity 


radio circuits, the resistance will be considered to be so low as 
not to affect the frequency of the oscillations or.the distribution 
of current and voltage. The lead-in BC (Figure 2) will be 


302 


considered to be free from inductance or capacity excepting as 
inductance coils or condensers are inserted (at A) to modify the 
oscillations. 

Applying equations (3) and (4) to the aerial of the antenna 
and assuming that z =0 is the lead-in end while x=1 is the far 
end which is open, we may introduce the condition that the 
current is zero for х =і. From (4) 


2 = cot w VC l4 l (5) 


Now the reactance of the aerial, which includes all of the an- 
tenna but the lead-in, is given by the current and voltage at 
x=0. These are, from (3), (4), and (5), 


v, =Á cos w t=B cot a VC 1L, 1 cos wt 


СИИК OPE 
lo (CB sin ot 


The current leads the voltage when the cotangent is positive, 
and lags when the cotangent is negative. The reactance of the 
aerial, given by the ratio of the maximum values of v, to 1, is 


Lı 


Х = — с, cot w УС. Ly 
1 
or in terms of С, =1С, апа Г, =l Lı 
Х = “д cot w VC Lo (6) 
| 1 B 
or since V = -----_- =: 
VL С, 


X-—L,V coto NCL, Û 
as given by J. S. Stone.! 
At low frequencies the reactance is negative and hence 
1 
the aerial behaves as a capacity. At the frequency f= "PU NA 


the reactance becomes zero and beyond this frequency is positive 


or inductive up to the frequency f— at which the re- 


1 
2 VCs Lo 
actance becomes infinite. This variation of the aerial reac- 
tance with the frequency is shown .by the cotangent curves іп 
Figure 3. 

1Stone, J. S.; “Trans. Int. Elec. Congress,” St. Louis, 3, p. 555; 1904. 
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FIGURE 3—Variation of the Reactance of the Aerial of an Antenna with 
the Frequency 


2. NATURAL FREQUENCIES OF OSCILLATION 


Those frequencies at which the reactance of the aerial, as 
given by equation (6), becomes equal to zero are the natural 
frequencies of oscillation of the antenna (or frequencies of re- 
sonance) when the lead-in is of zero reactance. They are given 
in Figure 3 by the points of intersection of the cotangent curves 
with the axis of ordinates and by the equation 


m 
VEL: m=1, 3, 5, ete. 
The corresponding wave lengths are given by 
V l 4l 


da ug DUE 


i. e., 4/1, 4,3, 4/5, 4/7, ete., times the length of the aerial. If, 
however, the lead-in has a reactance X,, the natural frequencies 
of oscillation are determined by the condition that the total 
reactance of lead-in plus aerial shall be zero, that is: 


X,+X=0 


provided the reactances are in series with the driving emf. 
(а) LOADING COIL IN LEAD-IN. The most important prac- 
tical case is that in which an inductance coil is inserted in the 
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lead-in. If the coil has an inductance L its reactance X; = о L. 
This is a positive reactance increasing linearly with the fre- 
quency and represented in Figure 4 by a solid line. "Those fre- 
quencies at which the reactance of the coil is equal numerically 
but opposite in sign to the reactance of the aerial, are the natural 
frequencies of oscillation of the loaded antenna since the total 
reactance X; + X 20. Graphically these frequencies are deter- 
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Figure 4—Curves of Aerial and Loading Coil Reactances 


mined by the intersection of the straight line— Ху = —«L 
(shown by a dashed line in Figure 4) with the cotangent curves 
representing X. It is evident that the frequency is lowered by 
the insertion of the loading coil and that the higher natural fre- 
quencies of oscillation are no longer integral multiples of the 
lowest frequency. | 

The condition X,+ X 20 which determines the natural fre- 
quencies of oscillation leads to the equation 


v L-— NA cot w V/C,L, = 0 
or 


uVC.L, Lo 
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This equation has been given by Guyau? and L. Cohen? It 
determines the periodicity w and hence the frequency and wave 
length of the possible natural modes of oscillation when the 
distributed capacity and inductance of the aerial and the in- 
ductance of the loading coil are known. This equation cannot, 
however, be solved directlv; it may be solved graphically as 
shown in Figure 4 or a table may be prepared indirectly which 


gives the values of «w4/C,L, for different values of 2. from 


which then w, f or 4 may be determined. The second column 
of Table I gives these values for the lowest natural frequency 
of oscillation, which is of major importance naturally. 

(b) CONDENSER IN LEApD-IN. At times, in practice, a con- 
denser is inserted in the lead-in. If the capacity of the condenser 
is C, its reactance is Х, = — a This reactance is shown in 


= С 
Figure 5 by the hyperbola drawn in solid line. The intersection 
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Figure 5—Curves of Aerial and Series Condenser Reactances 


of the negative of this curve (drawn in dashed line) with the 
cotangent curves representing X gives the frequencies for which | 
? Guvau, А.; “Lumière Electrique," 15, p. 13; 1911. 
? Cohen, L.; “Electrical World," 65, p. 286; 1915. 
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TABLE I 
DATA FOR LOADED ANTENNA CALCULATIONS 
1 Differ- 


wm C,L, |L ence, per 
L.3 cent 


= س سم‎ ND С د‎ a © 
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` ооооооо-н- mem 


.0 
ék 
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3 
4 
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‚9 
‚0 
oh 
2 
‚8 
4 
‚9 
6 
T 
‚8 
‚9 
‚0 
‚1 
‚2 
‚8 
4 
.5 
6 
24 
‚8 
9 
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Х.+ X =0, and hence the natural frequencies of oscillation of 
the antenna. The frequencies are increased (the wave length 
decreased) by the insertion of the condenser and the oscillations 
of higher frequencies are not integral multiples of the lowest. 
The condition X,4- X =0 is expressed by the equation 
_ tan u V Coby _ С (9) 
о VC Lo Co 

which has been given by Guyau. Equation (9) may be solved 
graphically as above or a table similar to Table I may be prepared 
giving о V/C,L, for different values of С. More complicated 


circuits may be solved in a similar manner. 


3. EFFECTIVE RESISTANCE, INDUCTANCE, AND CAPACITY 

In the following, the most important practical case of a load- 
ing coil in the lead-in and the natural oscillation of lowest fre- 
quency will alone be considered. The problem is to replace 
the antenna of Figure 6 (a) which has a loading coil L in the lead- 
in and an aerial with distributed characteristics by a circuit 
Figure 6 (b) consisting of the inductance L in series with lumped 
resistance R. inductance L, capacity Ce, which are equivalent 
to the aerial. It is necessary, however, to state how these 
effective values are to be defined. 


Re Le 
L L 
Ce 
rb) 


a) 


FIGURE 6 


In practice the quantities which are of importance in an 
antenna are the resonant wave length or frequency and the 
current at the current maximum. The quantities L, and C, 
are, therefore, defined as those which will give the circuit (b) the 
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same resonant frequency as the antenna in (а). Further the 
three quantities L,, C,, and R, must be such that the current in 
(b) will be the same as the maximum in the antenna for the 
same applied emf. whether undamped or damped with any 
decrement. These conditions determine Le, Ce, and E, uniquely 
at any given frequency, and are the proper values for an arti- 
ficial antenna which is to represent an actual antenna at a particu- 
lar frequency. In the two circuits the corresponding maxima 
of magnetic energies and electrostatic energies and the dissipa- 
, tion of energy will be the same. 

Zenneck* has shown how these effective values of inductance 
capacity and resistance can be computed when the current and 
voltage distributions are known. Thus, if at any point x on 
the oscillator, the current ? and the voltage v are given by 


i-If(x);v—V6(z) 
where J is the value of the current at the current loop and V 
the maximum voltage, then the differential equation of the 
oscillation is 


al 
EC аан sa | 17 GP ба суар" 
ГС. ф (х)? аг 


where the integrals are taken over the whole oscillator. If we 
write 


R.= S Rif (zx)?dx (10) 
І. = fL f (z)* dx (11) 
(ГС, Ф (x) dz}? 
ГС: Ф (x) ах en 
the equation — 
OI I 
К, 2: iip e at te^ 


which is the differential equation of oscillation of a simple cir- 
cuit with lumped resistance, inductance, and capacity of values 
Re, Le, and C, and in which the current is the same as the maxi- 
mum in the distributed case. In order to evaluate these quan- 
tities, it is necessary only to determine f (x) and $ (x); that is, 
the functions which specify the distribution of current and vol- 
tage on the oscillator. In this connection it will be assumed 
that the resistanee is not of importance in determining these 
distributions. 


| co “Wireless Telegraphy" (Translated by A. E. Seelig), Note 40, 
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At the far end of the aerial the current is zero, that is for 
х=1; 14,20. From equations (3) and (4) for z=l 
ш — cos wt (А cos о VC, Li l4-B sin о vC, Lil) 


and since 7; 20 
A sin w VC,L,1=B cos w VC 1L, 
From (3) then we obtain 
| v=v,cos (o /CiLil— v VC; Liz) 
Hence $ (x) = cos (в VC, Lil- w VC, La x) 


Now for z =0 from (4) we obtain 


1,= —B Je sinwt=—A JE lan w VC Lilsin wt 
Ly Li 


whence a; Sin (ому CiLil— o усл x) 
| sinwYC,Ll 
and f (x) - sin (u N/C1Ll— w V/C, Li x) 
sin u VC 1L, Û 


We can now evaluate the expressions (10), (11), and (12). From 
(10) NE Nu 
w VC; Li l—w VC; L4 т) dz 


Б, = - 
^ sivaVCL — 
_ В, | l sn20VC zl 
sin? w vC: Li; [12 4o VOL 


2 [sin о " CL, oVC Lo 


and from (11) which contains the same form of integral 


L, 1 col e у С, Le (14) 


Rf 1 cota CL 
й (13) 


i p 2 ag w VC, Lo w V C, Lo 
and from (12) 
с _ LSC сох (о VCO Ia L7 9 N/ Тат) d xj? 
í S Cicos! (w VC; Lil— w VC, Lx)dz 
ce VC LI 
ut (ом С, Га)? 
E PEL 20VC Lı ] 
2 4 о № С; ix 


С, Р . (15) 


i Е V/C, L, cot о V/C, L EE" L; C, 


2 2s.n oa CL. 
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The expressions (14) and (15) should lead to the same value 
for the reactance X of the aerial as obtained before. 1% is readily 
shown that 


ON ТЕК | a 
X = wL, "rm VE cot о УСТ, 


agreeing with equation (6). 

It is of interest to investigate the values of these quantities 
at very low frequencies (w = 0), frequently called the static 
values, and those corresponding to the natural frequency of 
the unloaded antenna or the so-called fundamental of the an- 
tenna. Substituting w=0 in (13), (14), and (15) and evaluating 
the indeterminant which enters in the first two cases we obtain 
for the low frequency values 


R, 
R= 
L, 
L-3 
C=C, | (16) 


At low frequencies, the current is а maximum at the lead-in 
end of the aerial and falls off linearly to zero at the far end. 
The effective resistance and inductance are one-third of the 
values which would obtain if the current were the same thruout. 
The voltage is, however, the same at all points and hence the 
effective capacity is the capacity per unit length times the 
length or C,. 

At the fundamental of the antenna, the reactance X of 


«тр 
de 
a 


equation (6) becomes equal to zero and hence о vC, Lo = 


Substituting this value in (13), (14), and (15) : 
E | 
L=% | (17) 
C,- 5С, 


Hence in going from low frequencies up to that of the funda- 
mental of the antenna, the resistance (neglecting radiation and 
skin effect) and the inductance (neglecting skin effect) increase by 
fifty per cent., the capacity, however, decreases by about twenty 


per cent. The incorrect values 2 L, and ? c. have been fre- 


П 
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quently given and commonly used as the values of the effective 
inductance and capacity of the antenna at its fundamental. 


These lead also to the incorrect value Г, = E for the low fre- 


quency inductance’. 

The values for other frequencies may be obtained by sub- 
stitution in (13), (14), (15). If the value L of the loading coil 
in the lead-in is given, the quantity w+/C,L, is directly obtained 
from Table 1. 


4. EQUIVALENT CIRCUIT WITH LUMPED CONSTANTS 


Insofar as the frequency or wave length is concerned, the 
aerial of the antenna may be considered to have constant values 
of inductance and capacity and the values of frequency or wave 
length for different loading coils may be computed with slight 
error using the simple formula applicable to circuits with lumped 
inductance and capacity. "The values of inductance and capacity 


0 


ascribed to the aerial are the static or low frequency, that is, = 


for the inductance and С, for the capacity. The total inductance 


in case the loading coil has a value L will be LY and the 


frequency is given by 


j= 1 


"E X "T С, (18) 


or the wave length in meters by 


2 = 1884 Vo) C, (19) 


where the inductance is expressed in microhenrys and the capacity 
in microfarads. The accuracy with which this formula gives 
the wave length can be determined by comparison with the 
exact formula (8). In the second column of Table I are given 


> These values are given by J. H. Morecroft in “Proc. I. R. E." 5, p. 389 
1917. It may be shown that they lead to correct values for the reactance of 
the aerial and hence to correct values of frequency as was verified by the ex- 
periments. "They are not, however, the values which would be correct for an ar- 
tificial antenna in which the current must equal the maximum in the actual 
antenna and in which the energies must. also be equal to those in the antenna. 
The resistance values given by Prof. Morecroft agree with these requirements 
and with the values obtained here. 

Values for the effective inductance and capacity in agreement with those 
of equation (17) above have been given by С. W. О. Howe, “Yearbook of 
Wireless Telegraphy and Telephony," page 699, 1917. 
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the values of wv C, Le for different values of L, as computed by 
formula (8). Formula (18) may be written in the form 


so that the values of w+/C,L, which are proportional to the 
frequency, may readily be computed from this formula also. 
These values are given in the third column of Table I and the 
per cent. difference in the fourth column. It is seen that formula 
(18) gives values for the frequency which are correct to less than 
a per cent., excepting when very close to the fundamental of the 
antenna, i. e., for very small values of L. Under these con- 
ditions the simple formula leads to values of the frequency 
which are too high. Hence to the degree of accuracy shown, 
which is amply sufficient in most practical cases, the aerial can 


0 


be represented by its static inductance = with its static capacity С, 


in series, and the frequency of oscillation with a loading coil L 
in the lead-in can be computed by the ordinary formula applicable 
to circuits with lumped constants. 

In an article by L. Cohen, which has been copied in several 
other publications, it was stated that the use of the simple wave 
length formula would lead to very large errors when applied 
to the antenna with distributed constants. The large errors 
found by Cohen are due to his having used the value £L, for the 


0 


inductance of the aerial, instead of e, in applying the simple 


formula. 
IV. Tue Inpvcrance Соп, 

The transmission line theory can also be applied to the 
treatment of the effects of distributed capacity in inductance 
coils. In Figure 7 (a) is represented a single layer solenoid 
connected to a variable condenser C. A and B are the terminals 
of the coil, D the middle, and the condensers drawn in dotted 
lines are supposed to represent the capacities between the dif- 
ferent parts of the coil. In Figure 7 (b) the same coil is repre- 
sented as a line with uniformly distributed inductance and 
capacity. These assumptions are admittedly rough, but are 
somewhat justified by the known similarity of the oscillations in 
long solenoids to those in a simple antenna. 


5 See foot-note 3. 


Figure 7—Inductance Coil Represented as a Line with Uniform 
Distribution of Inductance and Capacity 


1. REACTANCE OF THE COIL 

Using the same notation as before, an expression for the 
reactance of the coil, regarded from the terminals A B (z=0), 
will be determined considering the line as closed at the far end 
D(z=l). Equations (3) and (4) will again be applied, taking 
account of the new terminal condition, that is, for z—l; v=0. 


Hence mM а 
А COS (U VC, Li (= —B sin (U VC: Ll 


and for x=0 
v, = А cos w t= —B tan w VC, Li l cos wt 


which gives for the reactance of the coil regarded from the 
terminals A B, 


Х'= A tan o VEL 


va x'- \ A tan w V C, Lo (20) 


0 


2. NATURAL FREQUENCIES OF OSCILLATION 


At low frequencies, the reactance of the coil is very small 
and positive, but increases with increasing frequency and becomes 
T ——— m i 
infinite when w4/C, Lo= 5. . This represents the lowest fre- 
quency of natural oscillation of the coil when the terminals аге 
open. Above this frequency the reactance is highly negative, 
approaching zero at the frequency wu у С, [= я. In this range 
of frequencies, the coil behaves as a condenser and would require 


214 


an inductance across the termjnals to form a resonant circuit. 
At the frequency о УС, = я the coil will oscillate with its 
terminals short-circuited. Аз the frequency is still further in- 
creased the reactance again becomes increasingly positive. 

(a) CONDENSER ACROSS THE TERMINALS. The natural fre- 
quencies of oscillation of the coil when connected to a condenser 
C are given by the condition that the total reactance of the 
circuit shall be zero. 

X'+ X,=0 
From this we have 


(tane VC. La = E 
о С 


or cot Nw VC, Lo C 
Ас C, (21) 


This expression is the same as (8) obtained in the case of the 


loaded antenna, excepting that occurs on the right-hand side 


C, 
instead of 2, and shows that the frequency is decreased and 
wave length increased by increasing the capacity across the coil 
in a manner entirely similar to the decrease in frequency pro- 
duced by inserting loading coils in the antenna lead-in. 


3. EQUIVALENT CIRCUIT WITH LUMPED CONSTANTS 


It is of interest to investigate the effective values of induc- 
tance and capacity of the coil at very low frequencies. Expand- 
ing the tangent in equation (20) into a series we find 


X'=oL, (14 e кк) 


and neglecting higher power terms this may be written 


This is the reactance of an inductance L, in parallel with a 


capacity с which shows that at low frequencies the coil may be 


regarded as an inductance L, with a capacity A across the 


terminals and, therefore, in parallel with the external condenser 
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C. Since at low frequencies the current is uniform thruout 
the whole coil, it is self evident that its inductance should be L,. 

Now the similarity between equations (21) and (8) shows 
that, just as accurately as in the similar case of the loaded 
antenna, the frequency of oscillation of a coil with any capacity C 
across the terminals is given by the formula 


C i 
2z VL (c+ e) (22) 


This, however, is also the expression for the frequency of a 


0 


coil of pure inductance L, with a capacity = across its terminals 


and which is in parallel with an external capacity C. Therefore, 
insofar as frequency relations are concerned, an inductance сой 
with distributed capacity is closely equivalent at any frequency to 
а pure inductance, equal to the low frequency inductance (neglect- 
ing skin effect), with a constant capacity across its terminals. This 
is a well-known result of experiment’ at least in the case of 
single layer solenoids which, considering the changes in current 
and voltage distribution in the coil with changing frequency, 
is not otherwise self-evident. 


V. ANTENNA MEASUREMENTS 


1. DETERMINATION OF STATIC CAPACITY AND INDUCTANCE 


In applying formula (8) to calculate the frequency of a loaded 
antenna, a knowledge of the quantities L, and C, is required. 
In applying formula (18), and C, arc required. Hence either 
formula may be used if the static capacity and inductance 
values are known. We will call these values simply the capacity 


C, and inductance La of the antenna. Hence C,=C,, 1, = 


and the wave length from (19) is given by 
} = 1884 V (L+ La) Ca (23) 
where inductance is expressed in microhenrys and capacity in 
microfarads as before. 
The capacity and inductance of the antenna are then readily 
determined experimentally by the familiar method of inserting, 
7G. W. О. Howe; “Proc. Phys. Soc.," London, 24, p. 251, 1912. 


F. A. Kolster; “Proc. Inst. Radio Engrs.,” 1, p. 19, 1913. 
J. C. Hubbard; “Phys. Rev., 9, p. 529," 1917. 
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one after the other, two loading coils of known values L, and L: 
in the lead-in, and determining the frequency of oscillation or 
wave length for each. From the observed wave lengths 2, and 
A» and known values of the inserted inductances, the inductance 
of the antenna is given by 


Ly à?—lIaàÀ* 
ae ` (A 
À? — À? (24) 
and the capacity of the antenna from either 


1= 1884 V (Li+ La) Ca } 25) 
да = 1884 V (Ls La) Ca 25 


using preferably, the equation corresponding to the larger valued 
coil. This assumes that formula (23) holds exactly. 

As an example let us assume that the antenna has L, = 50 
microhenrys and С„=0.001 microfarad, and that we insert two 
coils of 50 and 150 microhenrys and determine the wave lengths 
experimentally. We know from formula (8) and Table I that 
the wave lengths would be found to be 491 and 771 meters. 
From the observed wave lengths and known inductances, the 
value of L, would be found by (24) to be 

Г. = 17.8 microhenrys 
and from (25) 
ó C,=0.00099, microfarad. 


C, is very close to the assumed value of C, but La differs 
by seven per cent. from 2: This accuracy would ordinarily be 
sufficient. We can, however, by & second approximation, de- 
rive from the experimental data & more accurate value of L,. 
For, the observed value of L, furnishes rough values of T and r 
which in this example come out 0.96 and 2.88, respectively. 
But Table I gives the per cent. error of formula (23) for different 


values of - and shows that this formula gives а 0.7 per cent. 


0 


shorter wave length than 491 meters (or 488 meters) for T = 0.96 


but no appreciable difference for 7. =2.88. Recomputing L, 


using 488 and 771 meters gives 
L, = 0.0168, 


which is practically identical with the assumed =. 
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2. DETERMINATION OF EFFECTIVE RESISTANCE, INDUCTANCE, 
AND CAPACITY 


When a source of undamped oscillations in a primary circuit 
induces current in a secondary tuned circuit, the current in the 
secondary, for a given emf. depends only upon the resistance 
of the secondary circuit. When damped oscillations are sup- 
plied by the source in the primary, the current in the secondary, 
for a given emf. and primary decrement, depends upon the de- 
crement of the secondary, 1. e., upon the resistance and ratio 
of capacity to inductance. The higher the decrement of the 
primary circuit relative to the decrement of the secondary, the 
more strongly does the current in the secondary depend upon 
its own decrement. This is evident from the expression for the 
current J in the secondary circuit 


NE; 


=з‏ ت 
д”‏ 

4f R?’ ( 1+5) 

where ê’ is the decrement of the primary, д that of the secondary, 

R the resistance of the secondary, f the frequency, E, the maxi- 

mum value of the emf. impressed on the secondary, and N the 

wave train frequency. 

These facts suggest a method of determining the effective 
resistance, inductance, and capacity of an antenna at a given 
frequency in which all of the measurements are made at one 
frequency, and which does not require any alteration of the 
antenna circuit whatsoever. The experimental circuits are 
arranged as shown in Figure 8, where S represents a coil in the 
primary circuit which may be thrown either into the circuit of 


FIGURE 8—Circuits for Determining the Effective Resistance, 
Inductance, and Capacity of an Antenna 
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a source of undamped or of damped oscillations. The coil L 
is the loading coil of the antenna which may be thrown over to the 
measuring circuit containing a variable inductance L’, a variable 
condenser С’, and variable resistance R’. The condenser C’ 
should be resistance-free and shielded, the shielded terminal 
being connected to the ground side. First the undamped 
source is tuned to the antenna, and then the L'C' circuit tuned 
to the source. The resistance R’ is then varied until the current 
is the same in the two positions. The resistance of the L’C’ 
circuit is then equal to R,, the effective resistance of the aerial- 
ground portion of the antenna and L’C’=L,C,. Next the 
damped source is tuned to the antenna and the change in current 
noted when the connection is thrown over to the L’C’ circuit. 
If the current increases, the value of C' is greater than C,, and 
vice versa. By varying both L' and C', keeping the tuning and 
R' unchanged, the current may be adjusted to the same value 
in both positions. Then since L'C' = L.C. and С, = Ce, the value 
€ 
of C’ gives C, and that of L’ gives L,. Large changes in the 
variometer setting may result in appreciable changes in Its 
resistance, so that the measurement should be repeated after 
the approximate values have been found. To eliminate the 
resistance of the variometer in determining R,, the variometer 
is short-circuited and, using undamped oscillations, the reson- 
ance current 18 adjusted to equality in the two positions by 
varying №’. Then R’=R,. The measurement requires steady 
sources of feebly damped and strongly damped current. The 
former is readily obtained by using a vacuum tube generator. 
A resonance transformer and magnesium spark gap operating 
at a low spark frequency serves very satisfactorily for the latter 
source or a single source of which the damping can be varied 
will suffice. An ‘accuracy of one per cent. is not difficult to 
obtain. 


à. THE EFFECT oF IMPERFECT DIELECTRICS UPON THE Hec 
SISTANCE OF AN ÁNTENNA 


The typical curve of the variation of the resistance of an 
antenna with the wave length of the oscillation is shown in 
Figure 10 (b). It has two characteristic features, a rapid de- 
crease in resistance with increasing wave length in the region 
of the shorter waves and an apparent linear increase in resistance 
with increasing wave length at long waves. The decrease in resist- 
ance at short waves is ascribed mainly to the decrease in the power 
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radiated in the form of electro-magnetic waves. This so-called 
radiation resistance should by theory decrease in inverse ratio 
with the square of the wave length. Skin effect and the change 
in distribution of current along the antenna would likewise pro- 
duce resistance variations such that the resistance would de- 
crease with increasing wave length. It has been difficult, 
however, to account for the observed linear increase in resistance 
at the longer waves. Austin? pointed out the similarity in the 
linear increase in resistance of an antenna at long wave lengths 
with the behavior of an absorbing condenser and concluded 
that dielectric absorption was a probable explanation of the 
phenomenon.? 

The fact that in the curves which he had obtained for ship 
stations, the rise in resistance was less marked than for land 
stations, led him to believe that the absorption was probably 
caused by the ground acting as an imperfect dielectric. Austin 
stated that if we consider the ground as a dielectric rather than 
a conductor and consider it as a portion of the total dielectric 
lying between the antenna regarded as the upper plate of a con- 
denser, and a ground water regarded as a lower plate, we reach 
a very probable explanation of many antenna resistance curves. 
The measurements carried out by the author verify Austin's 
hypothesis that the effect is caused by dielectric absorption; 
but do not confirm the supposition that the absorbing di- 
electric in question is the ground. Figure 9 shows the values 
of the equivalent resistance obtained at telephone frequencies 
for a small flat-top antenna at the Bureau of Standards. This 
antenna runs from a building to a tree and has a capacity of 
650 micro-microfarads (0.00065 microfarad). The measurements 
were made at wave lengths varying from 100,000 to 750,000 me- 
ters, the equivalent resistance increasing linearly from 1,000 to 
9,000 ohms. This is the order of magnitude which would be ex- 
pected from Austin's measurements at radio frequencies upon an 
antenna for which the rise in resistance was particularly marked. 
8L. W. Austin; “Bulletin, Bureau of Standards," 12, p. 465, 1915. 'Jahr- 
buch d. drahtl. Tel., " 9, p. 498, 1915. ` 

? [n a perfect condenser, or one which shows no energy loss, the phase 
of the current J in 90° in advance of the electromotive force E. In an im- 
perfect condenser, the power loss, however caused, is given by ГЕ sin 0 
where Û is the phase difte erence or the angle by which the current lags from 
quadrature. An equivalent power loss is occasioned by a resistance (0) in 
series with a perfect condenser when this equivalent resistance satisfies the 
relation tan f] =C pp where С is the capacity and p=27 times the frequency. 
It is characteristic of a condenser with an absorbing dielectric that the phase 
difference @ is, roughly, independent of the frequency, and hence the equi- 


valent resistance must vary inversely as tie Ene or directly as the wave 
length. 
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It seemed impossible, however, to ascribe this absorption 
to the ground acting as an imperfect dielectric. As shown by 
the above data, the effect persists at telephone frequencies while 
the calculations of True ° and Reich," based upon the meas- 
urements of conductivity and dielectric constant of the ground 
as given by Zenneck,? show that even for so high a frequency 
as would correspond to a wave length of a 1,000 meters, the 
magnitude of the conduction current in the ground exceeds by a 
hundred times that of the displacement current. Further, the 


Resistance. Ohms 
чь 


400,000 500,000 
Wave Length. Meters. 


Figure 9—Equivalent Resistance of an Antenna at Telephone Frequencies 


absence of absorption in the ground was also shown by meas- 
urements at telephone frequencies upon a guard plate condenser 
with part air and part clay between the plates. This condenser 
behaved as a perfect condenser with a series resistance that was 
independent of the frequency. Only when the clay was ex- 
ceedingly dry and particularly when it was loosely packed, 
was there any indication of absorption. 

The observed large effect upon the absorption of variable 
air condensers brought about by the poor dielectric properties 

10H. True; “Jahrb. d. drahtl. Tel.," 5, p. 125; 1911-12. 


u M. Reich; "Jahrb. d. draht]. Tel.," 5, pp. 176, 253; 1911-12. 
1 J. Zenneck; "Ann. d. Phys.," 23, p. 859; 1907. 
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of small amounts of insulators in the electric field suggested to 
the author that the absorption in antennas is likewise caused 
by the presence of poor dielectrics in the field of the antenna. 
Accordingly, an experimental antenna was built in which the bad 
effects of poor dielectrics in the neighborhood were carefully 
avoided, but in which any absorption that might be caused by 
the ground would be considerably magnified. The main capacity 
of the antenna consisted of six parallel wires at a distance of 
about 0.3 of a meter (1 foot) above the surface of the ground and 
located at a considerable distance from the nearest building or 
tree. The antenna was supported by four wooden posts, but 
was insulated from them by double porcelain insulators spaced 
about a meter (3 feet) apart. A single lead, similarly insulated, 
ran to the building in which the measurements were made. The 
earth connection was made to the water pipes of the building. 
The proximity of the antenna wires to the ground should reduce 
the lateral spread of the electrostatic field and hence the dis- 
placement thru the wooden posts or other poor dielectrics, while 
the amount of ground between the antenna wires and ground 
water should be proportionately increased. "The double-spaced 
insulators also served to reduce the capacity thru the supports. 
The capacity of the antenna was 850 micro-microfarads. The 
resulting resistance curve, for measurements made just within 
the window of the building, is shown in curve A of Figure 10. 
The rise in resistance even at 12,000 meters is very small, and 
probably caused by the lead wire to the building. The result 
was also verified at telephone frequencies where the absorption 
was barely detectable (less than €0 ohms at 3,000 cycles). 

Curve B of the same figure shows the effect produced by 
adding a small capacity thru the wooden supports. Wires were 
run from the insulated portion of the antenna to porcelain 
insulators on three of the stakes, the total capacity being in- 
creased by only 40 micro-microfarads or less than 5 per cent. 
The effect of adding this small imperfect condenser is very 
marked. The linear increase in resistance becomes pronounced, 
and brings with it an increase in the resistance of the antenna at 
all wave lengths. 

The effect of running the lead wires to an antenna inside of 
a building was also investigated. Curve C of Figure 11 shows 
the results upon the above described antenna under the same 
conditions as those obtaining for curve A of Figure 10 (repro- 
duced in dash lines in Figure 11), excepting that the measure- 
ments were made within the room at a distance of about 5 meters 
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Figure 10—<A, Resistance Curve for Antenna with Extremely Small Ab- 
sorption; B, Effect of Adding Small Imperfect Capacity Through the 
Wooden Supports 
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Figure 11—C, Absorption Effect Produced by the Portion of the Leads to 
an Antenna Inside of a Building 
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(16 feet) from the window. The increase in capacity in this 
case was 60 micro-microfarads. Curves D and E of Figure 12 
were obtained for antennas completely within the building, the 
former having a capacity of 290 micro-microfarads, the latter 
having double the capacity. In this figure, the scale of resis- 
tance has been doubled. It is of interest to note that the equiva- 
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Figure 12—Resistance Curves for Antennas Completely Within a Build- 
ing. The Capacity for E is Twice That for D 


lent series resistance in the case of the smaller capacity is approxi- 
mately double that for the capacity of twice the size, which is 
the requisite condition for absorbing condensers with the same 
phase difference. Measurements, at telephone frequencies, were 
also made upon an antenna consisting of three wires stretched 
vertically along the outside of a brick building at a distance of 
0.4 of a meter (1 foot) from the wall. The phase difference of 
the condenser was about 15 minutes, corresponding to an equiva- 
lent resistance of about 35 ohms at 10,000 meters for the capacity 
of 800 micro-microfarads. The phase difference is about the 
same as that obtained in the case of antennas within the building. 

Finally the effect of a tree upon the absorption of an antenna 
was investigated. An antenna consisting of two parallel wires 
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was strung from a building to a tree 20 meters (66 feet) distant at 
an average height of about 5 meters (16 feet) from the ground. 
The antenna terminated in a section of about 6 meters (20 feet) 
of wire which ran from limb to limb of the tree, but was insulated 
from it by porcelain insulators. At a distance of about 2 meters 
(6 feet) from the tree double porcelain insulators were inter- 
posed in each antenna wire, so that measurements could be 
made with the section in the tree included or excluded. Curve 
F of Figure 13 was obtained for the latter case, while curve G 
shows the enormous absorption produced by including the por- 
tion of the antenna in the tree. The capacity was increased 
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Figure 13—Curve G Shows the Enormous Absorption Caused by a Tree. 
Curve Е Is the Same Antenna with Portion in Tree Excluded 


from 390 to 540 micro-microfarads, and the phase difference of 
the condenser with the portion of the tree included was roughly 
2 degrees. The measurements were made in the winter when 
the tree was free from foliage. 

From the above it is evident that in the design of an antenna 
it is a matter of importance to keep the diclectric absorption of 
the antenna, regarded as a condenser, as low as possible in order 
to minimize the waste of energy in the antenna and so improve 
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its efficiency as a radiator. There is a possibility of greatly 
improving upon the design of existing antennas in this respect. 
The requirement is that the capacity thru wooden masts, trees, 
buildings, insulators, and so on, must be extremely small in 
comparison to the capacity of the antenna thru unobstructed air. 


SUMMARY: After considering the theory of circuits having uniformly 
distributed constants, the author shows graphically the frequency-variation 
of reactance of such circuits and, after further analysis, those of inductance- 
loaded and capacity-loaded antennas as well. 

The calculation of the effective constants of the antenna at radio fre- 
quencies in terms of their corresponding values at audio frequencies follows. 
Very simple relations are found, differing from those frequently given in the 
radio literature. The equivalent circuits of loaded and unloaded antennas 
are given, together with practical measuring methods for determining the 
effective constants at radio frequencies. 

The frequency-variation of effective resistance of an antenna is then con- 
sidered. Measurements are described and curves given which indicate that 
antenna resistance is largely due to imperfect dielectrics in the field of the 
antenna, and emphasis is placed on the necessity of avoiding such dielectrics 
in regions of strong antenna field. 


FURTHER DISCUSSION ON 


“ON THE ELECTRICAL OPERATION AND 
MECHANICAL DESIGN OF AN IMPULSE EXCITATION 
MULTI-SPARK GROUP RADIO TRANSMITTER” BY 

BOWDEN WASHINGTON 


By 
SAMUEL COHEN 


The paper by Mr. Bowden Washington in the December’ 
1918, PROCEEDINGS OF THE INSTITUTE OF Каро ENGINEERS 
contained some very interesting information regarding Impact 
excitation transmitter and especially gaps that gave most suit- 
able results for this kind of work. 

The writer has conducted a number of experiments on impact 
excitation transmitter, and the data obtained verifies to a great 
extent the results of Ensign Washington. In reference to the 
tungsten electrode gap, the writer found that altho the gap func- 
tioned most regularly with a stiffer circuit, yet the tone emitted 
by the same was very poor. The tone corresponded very much to 
that of escaping whistling steam. This was obtained when 
operating the gap in open air. The tone effect was considerably 
improved by immersing the electrodes in alcohol and having the 
discharge take place therein. This improved considerably the 
general operating characteristics of the gap and it was possible 
to run it at much lower potential. Copper and tungsten elec- 
trodes in alcohol showed favorable results. 

A type of gap which gave most satisfactory results for impact 
excitation work 1s a combination of copper and amalgamated 
copper. The results obtained were far better than the ones ob- 
tained with the use of the tungsten-tungsten and tungsten- 
copper electrodes. The type of gap operating in alcohol was 
compared with the Chaffee gap of copper aluminum electrodes 
under identical condition, and it was found that the copper- 
amalgamated copper electrodes proved much better both in 
efficiency and in note effect. It was also found that it can be 
used with a much stiffer circuit without affecting its operating 
qualities. The potential across the gap was somewhat lower than 


the Chaffee gap. 
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The only present. disadvantage that the copper-amalgamated 
copper gap possesses is that the mercury on one of the electrodes 
becomes carbonized from the aleohol and thereby changing the 
operating characteristics. It takes about six to ten hours of 
continuous use before a sufficient carbonization takes place on 
the electrode to change the operating characteristies of the gap. 
The spacing of the electrodes was in the order of 0.013 inch 
(0.032 ст). The gap discharging surface was З inches (7.62 em.) 
in diameter. . 

The tungsten-tungsten electrode gap immersed in alcohol 
seems to give excellent results for radio telephony. Some of 
the results thus far obtained were very satisfactory, and further 
experiments are to be conducted in this direction. The gap is 
very constant and regular in its operation and it works very 
satisfactorily on potentials of 100 volts direct current. The use 
of alcohol as the discharge medium is important, as the gap 
functions very poorly without it and requires a much higher 
operating potential. 
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THe INSTITUTE oF Клоо ENGINEERS 


announces with regret the death of 


Harold C. Schreiner 


Mr. Schreiner was born February 9, 1895, in Chicago, 
Illinois. In June, 1917, he left the college which he was 
then attending in order to join the Signal Corps. At that 
time, he had completed three years’ work of the course in 
electrical engineering. He had previously enlisted in the 
Signal Corps three days before the declaration of war by the 
United States. 

In October, 1917, he was sent to Camp Custer, Battle 
Creek, Michigan. A month later, he was transferred to 
the Radio School at College Park, Maryland. His high 
grade in his work there led to his being commissioned as 
an ofhcer. He was assigned to the 8th Signal Battalion, 
4th Division, which was then stationed at Camp Green, 
Charlotte, North Carolina. 

The battalion to which he was attached was ordered to 
France in May, 1918. He fought at Chateau Thierry, and 
later in the Argonne Sector. On September 26th, Lieu- 
tenant Schreiner was wounded. Within three weeks of 
this time, he succumbed to the effects of this injury. Не 
was known among his associates and men as an officer of 


efficient and manly character. 


JJo 


Medal of Honor 


OF THE BOARD OF DIRECTION 


Attention is called to an alteration in the terms of award of 
the Medal of Honor of the Board of Direction of The Institute 
of Radio Engineers. 

At its meeting on May 16, 1919, the Board of Direction 
decided that, in order to broaden the scope of this award and to 
enable suitable recognition of eminent service in the radio art, 
regardless of the time of performance of such service: 

The award in question may be made regardless of the time 
of performance or publication of the work on which the award is 
based. 

The other conditions of the award, as set forth in the April, 
1919, ixsue.of the PROCEEDINGS OF THE INSTITUTE OF RADIO 
ENGINEERS. on pages 95 and 96, will remain unchanged. 
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SHORT WAVE RECEPTION AND TRANSMISSION ON 
GROUND WIRES (SUBTERRANEAN AND 
SUBMARINE) * 


By 
LIEUTENANT-COMMANDER A. Hoyt TAYLOR 


(UNITED STATES NAVAL RESERVE FORCE) 


The purpose of this article is to report briefly some of the 
work done by the writer for the Navy Department. along the 
lines indicated by the above title. No attempt will be made to 
give a complete history of all work which has been done on 
ground wire systems, as this would exceed the scope of this re- 
port. This paper will deal mainly with the behavior of short 
waves on underground and underwater systems, but in order 
to get a logical story of this work, it will be necessary to in- 
clude frequent references to long wave work. 


1. CLARK’s EXPERIMENTS 


During the month of April, 1909, Mr. George H. Clark, then 
Radio Sub-Inspector, United States Navy, conducted under- 
water experiments at the Navy Yard, Washington and at the 
Navy Yard, Norfolk, Virginia, using two 30-foot (9.2 m.) launches 
equipped with two insulated wires 17 fect (5.2 m.) long, submerged 
4 feet (1.2 m.) below the surface, being connected to the trans- 
mitting and receiving apparatus thru a fixed condenser of ca- 
pacity 0.003 microfarad. These wires were placed at an angle 
of 180? from each other below the surface, and extended out 
from the center of the launch. It was possible to receive signals 
from the Navy Yard Station, Washington, at 12 miles (19 km.) 
distance. Working with one-eighth kilowatt at 425 meters, 
between the launches, it was possible to communicate a distance 
of 75 yards (69 m.). Further experiments were conducted on 
board a tug boat off Norfolk. Copper plates were attached to 
insulated wires and one plate suspended over the bow into the 
water and the other plate suspended over the stern into the water. 
The wires leading up from the water to the receiving apparatus 


` * Received by the Editor, January 20, 1919. 
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were screened by the use of brass pipe and copper mesh. A 
fixed condenser of the same capacity as the one used at Wash- 
ington was used in these experiments. Signals from the Navy 
Yard, Norfolk, were received at a distance of 15 miles (24 km.). 
All experiments showed a marked directive effect, received signals 
showing a great decrease in strength when tug boat and launches 
were lined up within 60° to 90° of the direction of the sending 
station. It is apparent that these early tests by Mr. Clark, done 
with crystal detectors, had to be carried out in such close prox- 
imitv of the sender, that the results were partly due to real wave 
action quid partly due to conduction currents from the sender. 
Owing to phase differences, these effects conspire in some di- 
rections and not in others, thus giving peculiar and abnormal 
directive effects. Mr. Clark evidently did not use long enough 
receiving wires for the best results. As the result of his ex- 
periments, the Bureau of Steam Engineering concluded that 
altho underwater work was possible for short distances, it was 
not promising for long distance work. It was also believed at 
that time that underwater communication would only be pos- 
sible in. fresh water. The experiments were, therefore, aban- 
doned. The use of submarine sending and receiving wires 
in the form of a loop will not be diseussed in this report, 
as that should properly be made the subject of a separate 
report. 


2. NEW ORLEANS EXPERIMENTS 

On December 1, 1916, Admiral W. S. Smith and Com- 
mander З. C. Hooper inspected the system of underground 
radio reception which had been brought to the attention of 
the Navy Department by Mr. J. Н. Rogers at Hyattsville, 
Maryland. Mr. Rogers demonstrated that trans-oceanie sig- 
nals were easily readable on underground wires. At the same 
time he went out in a small boat on а lake near Hyattsville 
and transmitted from the boat with underwater wires to a 
station at his home about two miles (3.2 km.) away. On 
March 6th, 1917, the Bureau arranged to have Mr. Н. Н. 
Lyon, who had been associated with Mr. Rogers, proceed to 
New Orleans, Louisiana, with the idea of developing this sys- 
tem for Naval use, bearing especially in mind its possible value 
at. distant control stations and for use between submerged sub- 
marines and other ships. Mr. Lyon reported to the Com- 
mandant of the Naval Station, New Orleans, and started work 
under Lieutenant-Commander E. Н. Loftin, who was then 
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District Communication Superintendent for the 8th Naval 
District. The following is a copy of a report made by Lieu- 
-tenant-Commander Loftin under date of April 14, 1917, to the 
Bureau of Steam Engineering, on underground radio experi- 
ments. 

"Experiments have been in progress during the past three 
or four weeks at this Station to ascertain the adaptability of 
underground wires for receiving radio signals. "These experi- 
ments have been conducted by Mr. H. H. Lyon, Radio Expert, 
assigned to this duty by the Bureau of Steam Engineering, 
and Chief Electrician. C. W. Jordan, United States Navy, 
under the supervision of the District Communication Superin- 
tendent. 

"A standard copper éos ductos of 23,000 circular mils (11.6 
sq. min.) (7 twisted strands) having rubber insulation of about 
0.15 inches (0.38 em.) thickness, has been used thruout. All 
wires are buried to a depth of about one foot (0.3 m.), the 
earth surrounding being practically saturated with water at all 
times. 

"One conductor was laid in an approximate northeast and 
southwest direction, 1,400 feet (427 m.) extreme length, or 700 
feet (213 m.) on each side of the receiver. This wire was cut 
into sections so that the total length, or several fractions of the 
totallength, could be eut in. In addition to this long wire, two 
short ones, 300 feet (92 m.) over all, or 150 feet (46 m.) each 
side of the receiver, were laid parallel to and 10 feet (3.1 m.) 
from it, one on each side. A switch was arranged to connect 
either one or both of these wires to the receiver. 

"For are reception a ‘BA’ type receiver and an Р ӨН 
oscillating detector were used. Two pairs of telephones were 
connected in series, one pair being bridged with a type ‘A’ 
audibility meter. This was found advisable on account of 
disturbance of wing potential by the meter. 

"The following results were obtained with аге signals:— 

"(a) 1,400-foot (427 m.) antenna, grounded at the extreme 
ends to large plates buried in moist earth, 0.0025 microfarad 
variable condenser in series for tuning. 
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Static 

Wave | Signal | Static* | Audibil- 
Length ! Audibil- | Audibil- ‘ity, Main 
ity ity | Antenna 


Date Station | 


Mar. : Arlington 7,500 1,000 


Маг. ‹ Tuckerton | ..... 1,000 
Mar. : Darien | 7,000 250 
Mar. : Pt. Loma 1,000 200 
Mar. ‹ Arlington 1,900 1,000 
Маг. ‹ Tuckerton | ..... 1,000 
Mar. : Darien 1,000 1,000 
Mar. : Pt. Loma | 7,000 | 400 


“(Ь) 1,400-foot (427 m.) antenna, ends not grounded by 
plates, 0.0025 microfarad variable condenser in series for 
tuning: . 


uz ds Wave Signal | Static 

Date Stat ene кон 
Me sanon Length | Audibility ` Audibility 

April 2 Arlington 7,500 1,500 

April 2 Tuckerton ,500 

April 2 Darien 1,000 500 

April 2 Pt. Loma 9,800 500 


"NoTE— These are stations could be read without interference 
from the Station 5 kw. spark set 300 feet (92 m.) away. Inter- 
ference began when down to about 5,000 meters. 

"(e) 300-foot (92 m.) antenna, ends not grounded. 0.0025 
microfarad variable condenser in series for tuning: 


Wave Signal Static 


ven vade | Length | Audibility | Audibility 


April 2 Arlington 7,500 300 


April 2 Tuckerton ИРУ" 300 
April 2 Darien 7,000 100 
April 2 Pt. Loma 9,800 100 


* Static disturbances here referred to are identical with what are also 
termed “strays,” that is, the sum total of all irregular disturbances of recep- 
tion irrespective of their (natural) origin.—EDITOoR. 
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“Up to 1,400 feet (427 m.) of wire, the strength of the signal 
seems to be about in direct proportion to the length of the wire. 
The directional effect appears to be pronounced. Darien, which 
is about 80? off the line of antenna, is weaker than Arlington. 
On the main antenna, Darien is received about 30 per cent. 
stronger than Arlington. 

"The 'BA' receiver, with its static (capacitive) coupler, 
is not very satisfactory for this form of reception on account of 
its lack of selectivity and smooth variation of primary inductance. 

“At 9:00 P. M., April 7th, it was possible to copy signals from 
Tuckerton with ease, while static on the main antenna made 
it impossible to read any arc signals. 

“The following results were obtained with spark signals: 

"(a) 300-foot (92 m.) wires in parallel, ten feet (3.1 m.) apart, 
a 0.002 microfarad condenser in series with the primary coil of a 
Telefunken receiver to obtain 600 meters. 


Signal | Static 
Signal| Static | Audi- Audi- 
Audi- | Audi-| bility, | bility, 
bility | bility | Main Main 

Antenna) Antenna 


April 2 Point Isabel | 600 
April 2/Tampa 600 
April 2/Port Arthur | 600 
April 2 Pensacola | 1,200 
April 2/Ft. Sam 

Houston 


“It was planned to take comparative signal strengths on main 
antenna and underground antenna during the weckly tests, but 
discontinuance of these tests prevented this. 


“CONCLUSIONS. The tests have shown that practically all 
arc stations in the country can be received with ease tho signals 
are much weaker than on main antenna, but of particular in- 
terest is the fact that when static prevents reception on the 
main antenna, reception can be continued on the underground 
antenna. This has even been done during a severe lightning 
storm, when the main antenna would have been dangerous without 
grounding. Reception is also directional and permits of avoid- 
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Ing interferener te wre event Ue wing 4 wire Fare GR of 
an interfer,ong «tation. Catt ric iN  inuer wiry Tue pot. 
a conductor jn terre cotta ping for eem caning tet. EDIT 
obtained with a olan comet wore, Plane are aw “etre mite 
for trying ont the taren Free for асал тт 2% тл ent r 
atation Within toe nro. at т.е Nava Revers eC A MALT 
ean be obtained ín the amit ERAT ET, enmet of tre Nava Baer- 
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2,200 feet 67] m... Farther report wo. be mane 1 any кеі 


advantage from the ае ral ет, is оочер}. 


“RECOMMENDATIONS, [It iw recororoerded: trat all stations 
in regions where statie interference үз encountered be equionerd 
with underground reception wire: long wire. арени. 1244) feet 
($58 m., for are reception. and short wire areni Wr fert 92m. 
for «park reception. There should be at least two directions 
covered in order to be able to receive bet from diterent direc- 
tions, [t ja recommended that these underground svetems be 
used in conjunction with elevated antennas. With an elevated 
antenna, when atmospheric are favorable. greater distances 
can be obtained, but at the «ame time, when the elevated antenna 
cannot get business thri, due to statie, such «tations within the 
range of the underground antenna can continue their work." 

These remarkably high ratios of signals to strays have not 
been confirmed by obeervations by other ob-ervers at other 
places, Concerning Lieutenant-Cormmander Loftin'« eonelusions, 
If may be stated that <ub-equent experiment- at Great Lakes, Bel- 
mar, New Jersey, and Tuckerton, New Jer-ev, showed that the 
extent to which the ratio of signals to strav- is improved bv the 
use of the ground wires, depends upon the conductivity of the 
ground and that the character of the soil at New Orleans is par- 
ticularlv favorable. Such is also the case at Tuckerton, where 
the wipes were buried in a salt mar-h. At Belmar, on the other 
hand, the land wires; buried as deep even as seven feet (2.14 m.), 
ehowed very poor ratios of signals to stravs on long waves, altho 
considerable ппргоўетеп was noted on short waves. At Great 
Lakes two installations were made, with two different types of 
con, one dry and one wet. Ob-ervations were in fair agreement 
woth those obtained at other stations. Concerning Lieutenant- 
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Commander Loftin's recommendations, it may be stated that the 
recommendation of 300 feet (92 m.) length of wire for spark 
reception would be correct only for a certain kind of wire with 
a certain kind of insulation and at a certain fixed wave length. 
Later experiments at New Orleans and Great Lakes will make 
this point clear. The fact that the signals on underground wires 
are weak can, of course, be compensated for by the use of a 
regenerative receiver and amplification. Lieutenant-Command- 
er Loftin points out, in another report dated June 21, 1917, that 
there is an optimum length for underground wires for each wave 
length and estimates it to be one-fifth of the wave length of the 
incoming signal. This is, in a way, incorrect, as later experi- 
ments showed that the ratio of optimum wire length to wave 
length depends upon the size of the wire and the nature of the 
insulation surrounding it. Under date of June 13, 1917, Lieuten- 
ant-Commander Loftin recommended that the underground 
system be used in the new distant control installation at New 
Orleans. Under date of August 14, 1917, the Bureau informed 
the Commandant that preliminary experiments by the Naval 
Radio Laboratory at the Bureau of Standards seemed to indicate 
that strays were largely eliminated by the use of heavily insulated 
wires, rather than by the use of bare wires. Lowering of the 
insulating resistance seemed to bring in static to a marked degree. 


3. ROGERS’ EXPERIMENTS 


During the latter part of May, 1917, when the writer was 
District Communication Superintendent for the 9th, 10th, and 
lith Naval Districts, he received orders to report for temporary 
duty at the Bureau of Steam Engineering, Washington, for a 
conference with Commander S. C. Hooper, in charge of the 
Radio Division of the Bureau, on the possibilities of subterranean 
reception of the type which had already been demonstrated to 
representatives of the Bureau by Mr. J. H. Rogers at Hyatts- 
ville, Maryland. Full credit is due Mr. Rogers for having first 
demonstrated to the Navy Department that effective reception 
was possible with subterranean wires, both on long and short 
waves. The failure of Mr. Clark to obtain more satisfactory 
results in 1909 is unquestionably due to the inferior detecting 
systems available at that time. Mr. Rogers’ work had been 
done with audion detectors, and he succeeded in interest- 
ing the Bureau of Steam Engineering in the practical possi- 
bilities of subterranean reception on the theory that the ratio 
` of signals to strays was superior to what would be obtained with 
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ordinary aerial reception. Тһе extent to whch this theory 
was justified will appear in the progress of this report and sub- 
sequent reports in the same series. On the morning of June 
1, 1917, the writer proceeded, in company with Mr. Rogers, to 
his laboratory which was located on a high hill in a large isolated 
tract belonging to the Rogers’ estate. The land is a rocky 
formation covered with several feet (about a meter) of reddish, 
sandy soil, which at the time the tests were made, was fairly dry. 
The surrounding country is heavily timbered. Mr. Rogers had 
an underground room into which leads were run from various 
wires which were buried underground at. approximately a depth 
of one foot (0.305 m.) below the surface, and ran out to the North, 
Northeast, East, Southeast, South, Southwest, West, and North- 
west. These wires varied in length from 300 to 1,000 feet 
(92 to 305 m.). Some were bare wires, some insulated and 
some were laid in tile for part of the distance. The receiving 
instruments used in the tests consisted of a loose coupler for 
long waves, a loose coupler for short waves, suitable loading 
coils and tickler coils, and variable condensers. The receiving 
bulb was a tubular audion going by the trade name of ‘‘audio- 
tron," and seemed to be fairly sensitive. The apparatus was 
by no means ideal for the purpose, as certain variations in in- 
ductance, which should have been possible, could not be obtained. 
Tests on short waves in the neighborhood of 600 meters were 
made to determine whether the apparatus was directive and 
whether the wires laid in tile, or insulated wires or bare wires 
were best. Directivity was very evident, the bare wires giving 
greatest strength of signal. Mr. Rogers had been unable to 
get any tuning in his primary circuit, but the writer found, that . 
with proper adjustments of series inductance and capacity, 
sharp tuning could be obtained in the primary, provided that the 
secondary was loosely coupled. The proper length of the bare 
wires for short waves was not exactly determined, but indica- 
tions were that it lay between 300 and 500 feet (92 and 153 m.) 
for a 600-meter wave. Similar observations were made on long 
waves, signals from New Brunswick being received with very 
satisfactory audibility, the wires showing a marked directivity, 
altho not so much as in the ease of short waves. New Bruns- 
wick’s wave at that time was 8,600 meters. It was evident 


. that a wire 1,000 feet (153 m.) long was not long enough to get 


the best possible signal on New Brunswick. It was not possible 

to make accurate observations on the ratio of signals to strays, 

but it appeared that the strays were eliminated more completely 
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on short waves than on long waves. It was not possible to copy 
trans-Atlantic signals on account of the strays being too violent 
on long waves. The wires were usually used in pairs in a straight 
line, one wire being connected to the antenna post of the receiver, 
and the other to the ground connection of the receiver. Further 
tests were made using a ground connection against various wires. 
The ground connection consisted of a pipe driven deep into the 
ground. Results were not very satisfactory, the directivity 
being less marked and the signals much weaker. In view of 
subsequent experiments it is evident that the ground connection 
was not a good one. Mr. Rogers stated that he had transmitted 
on short wave lengths with 0.5 kilowatt power input from a small 
station at his house, but had, so far, been unable to receive the 
signal more than a few miles away. 


4. GREAT LAKES EXPERIMENTS 


As the result of this test with Mr. Rogers' apparatus, the 
writer recommended to the Bureau of Steam Engineering that 
the subterranean method of reception be given a thoro scien- 
tific investigation and that the Bureau equip a small portable 
laboratory at the Great Lakes Station for this purpose. This 
was agreed to by the Bureau, and work was immediately started 
upon the writer's return to Great Lakes. Considerable delay 
was experienced at Great Lakes in getting a portable steel build- 
ing for use as a laboratory, therefore, on July 10, 1917, work 
was begun on two sets of buried wires, one running in an east- 
and-west direction and the other in a north-and-south direction, 
and which were installed directly under the towers for the main 
antenna at the Great Lakes Station. It seemed worth while 
to discover whether underground reception was possible in the 
immediate vicinity of the antenna and in proximity of a buried 
counterpoise. One set of east-and-west wires installed directly 
underneath the towers consisted of 600 feet (183 m.) of number 
12 wire, * with the receiving set in the middle. 150 feet (45.8 m.) 
of both ends of the wire was left bare. The wires were buried 
three inches (7.6 em.) deep in dry soil. Another pair of wires, 
consisting of bare stranded aerial wire, were similarly laid a few 
feet distant. A single stranded aerial wire, bare, was run in a 
southerly direction, down a hill into a ravine. The following 
results were obtained. Position reports were received from ves- 
sels east and southeast from Great Lakes, using the east-and-_ 
west receiving combination. On several occasions this was 


* Diameter of number 12 wire = 0.0808 inch = 0.21 em 
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possible when strays were so heavy that it was not possible to 
use the main antenna. The signals were, however, very weak, 
much weaker than the corresponding signals received at Hyvatts- 
ville. Signals from the Naval Station at Ludington, Michigan, 
130 miles (209 km.) northeast of Great Lakes, could not be re- 
ceived on any combination of wires. Signals from the Naval 
Station at Milwaukee, 50 miles (81 km.) to the north, were re- 
ceived distinctly on the east-and-west wires, but were many times 
weaker than on the regular antenna. Milwaukee’s signals were, 
however, very satisfactory on the south wires used against either 
the east or west wire. These experiments were all on 600 
meters. Arlington’s 2,500 meter spark was copied without 
difficulty on east-and-west wires. Two additional wires, 500 
feet (153 m.) long, were laid in an east-and-west direction, and 
various long wave signals were copied. It was possible to leave 

these wires connected and the receiving set in operation while 
sending was going on overhead on the aerial at 600 meters spark. 
It was not possible to continue reception on account of the loud 
interference, but the reaction between sender and receiver was 
not sufficient to cause any damage. Great Lakes had two 
antennas, one under the other, one with a free wave length of 
500 meters and the other with a free wave length of 1,200 meters. 
It has never been possible to maintain the are watch on the larger 
antenna while sending was going on at 600 meters on the smaller 
one. This indicated possibilities for distant control purposes. 
It was evident, however, that serious reactions were being expe- 
rienced fron the overhead antennas and the buried eounterpoise. 
On the whole, better results were obtained on long waves, using 
the 500-foot (153 m.) wires. Work was, therefore, started at an ex- 
temporized laboratory on the sand beach at the foot of the 90-foot 
(27.5 m.) bluff at Great Lakes. A tent was erected on the beach 
and long and short wave receivers with amplifiers were installed; 
and work at the radio station proper was abandoned, exeept 
on the 500-foot (153 m.) east-and-west wires which were used 
for the reception of long waves as soon as it was found that both 
Arlington and San Diego could be copied on the ground wires 
with greater accuracy than on the main antenna. Under date 
of August 14th, it was reported to the Bureau that several re- 
ceiving sets could be connected simultaneously to the same pair 
of ground wires, without interference, and without the tuning of 
the primaries being in any way interfered with. In continuous 
wave reception, beat tones, of course, result, but unless the 
waves are too close together this can readily be avoided. It 
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must be noted at this point that the writer’s experiments at 
Hyattsville showed that it was only possible to tune the primary 
when a series condenser was used. Wave meter tests made at 
Great Lakes showed that as far as the primary tuning was con- 
cerned, it was determined wholly by the primary inductance 
and the series condenser and that with wires over 100 feet 
(30.5 m.) in length, the length of the buried wires had practically 
no influence on the tuning of the primary. In other words, any 
ground systems beyond 100 feet (30.5 m.) in length would tune 
for a given wave at the same primary setting. This would seem 
to indicate that the ground wires themselves formed an aperiodie 
system. This is also checked by the fact that о reception 
is possible on long waves. 


5. EXPERIMENTS ON THE BEACH AT GREAT LAKES 


The wires on the beach were 90 feet (27.5 m.) below the base 
of the radio towers and 900 feet (275 m.) distant from the near- 
est tower. The receiving set in the tent was 20 feet (6.1 m.) 
from the water’s edge. The wires laid out first were all 300 feet 
(93 m.) long each way and ran approximately north-and-south. 
The following results were obtained. Very weak signals on 
short waves were received on bare wires laid in wet sand, while 
somewhat stronger signals were received with bare wires laid in 
dry sand. Better signals were received with wires which were 
either insulated or in dry sand for 200 feet (61 m.) and then laid 
in wet sand the remaining 100 feet (30.5 m.) each way. The best 
signals were obtained on well insulated wires laid in wet sand. 
A regular watch was established from 6:00 P. M. until 12:00 
P. M. on August 11th, on 600 meters, using a tubular audion 
and a regenerative receiving set without amplification. The 
operator was able to copy every ship worked from Great Lakes, 
altho one of them was 110 miles (177 km.) to the northeast and 
several others were approximately 50 miles (81 km.) to the 
southeast. A large number of ship. calls were logged, but as 
the log covers three pages, it is not reproduced. In two instances 
the operator received messages correctly upon which a repeat 
was asked by Great Lakes and by Milwaukee. The are signals 
received from New Orleans were very strong but those from 
Darien were weak. This was due to the short length of wire 
used. It was possible to copy Arlington’s 2,500 meter spark 
on north-and-south wires, altho Arlington's direction from Great 
Lakes is much more easterly than southerly. It is noteworthy 
that Arlington's weather reports and “press” were copied with- 
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out the least difficulty altho Great Lakes, 900 feet (275 m.) 
away, was operating on the 600 meter spark thruout the press 
work. It was also possible to copy Milwaukee, 50 miles (81 km.) 
to the north, on 600 meters, while the Great Lakes are was in 
operation on 6,000 meters, radiating 50 amperes. In order to 
utilize the directivity of the ground wires in such a way as better 
to eliminate the interference from Great Lakes, the tent with 
the apparatus was moved 300 feet (93 m.) further to the north, 
so that a line from the main radio station to the beach station 
would bisect the wires nearly at right angles. Wires 300 and 600 
feet (93 and 183 m.) long were laid in wet sand and a regular 
spark and arc watch established on the beach. The wires were 
buried about a foot (0.3 m.) deep. The following table of obser- 
vations is typical of the results obtained and shows that when 
Great Lakes (NAJ) was sending.on 1,500 meters only 900 feet 
(275 m.) away, no serious interference resulted on 600 meters. 
None of the stations observed were of high efficiency, the average 
radiation not being over 7.5 amperes and the average height 
to center of capacity about 125 feet (38 m.). 


Audibility 


Time Station Distance 


10:50 A.M. WME 50 miles (81 km.) | 5,000 


10:54 
10:56 
11:29 
11:37 
11:40 
11:42 
11:43 
11:45 


1:45 P.M. 


1:50 


WLD 
WFK 
WDC 
WDI 
WFX 
NAJ 
WHW 
WLD 
WFE 
WFH 


130 miles (209 km.) 
175 miles (282 km.) 
Unknown 
35 miles (56 km.) 
40 miles (64 km.) 
900 feet (275 m.) 
120 miles (193 km.) 
130 miles (209 km.) 
35 miles ( 56 km.) 
35 miles ( 56 km.) 


50 
50 
500 
1,000 
100 
400 
125 
100 
600 
700 


As far as handling regular traffic was concerned, the station 
on the beach was able to do much better work than the regular 
station, owing to the elimination of strays and to the ability 
to work thru storms during which the main antennas had to be 
grounded. Iron pipe ground connections were driven into wet 
sand at the end of the wires and while various stations were send- 
ing the ends of the wires were connected to the pipe. No differ- 
ence in signal was noted. The strays were slightly worse. The 
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directivity of the wires on the beach was very marked, signals 
from the “Essex,” distant only two miles (3.2 km.) straight east 
from the beach station, were received with an audibility of only 
2.5. On the other hand the Naval Station at Manistique, 
Michigan, 265 miles (427 km.) straight to the north, came in at 
the same time with an audibility of 400 on the same wave length. 
When the “Essex” moved away to the south, the signals came up 
gradually in intensity. Simultaneous reception on arc and spark, 
with the same pair of 300-foot (93 m.) wires was carried on with- 
out difficulty or mutual interference. 


TESTS WITH MULTIPLE WIRES. The addition of two wires 
on each side separated several feet (about a meter) from the 
original wires and of the same length, produced no noticeable 
change in the signals or strays. This point has subsequently 
been tested many times. The Great Lakes results do not agree 
on this point with those reported earlier by New Orleans, but 
it is certain that the use of multiple wires of the same length 
offers no material advantage. 


6. EXPERIMENTS BY THE NAVAL RADIO LABORATORY 


During the summer of 1917, the experiments of Mr. Rogers 
at Hvattsville were investigated by Doctor L. W. Austin of the 
Naval Radio Laboratory, Bureau of Standards, and additional 
experiments were made under Doctor Austin's direction by 
L:eut. J. L. Allen, Chief Electrician Nicholson, and Electrician 
Parks at Mr. Rogers! laboratory at the Fish Hatchery near 
Hyattsville. Wires were run for some distance overland and 
then into two small lakes. Observations were made on the 
Eiffel Tower signals, which were continuous wave at $8,000 
meters. The signals were weak but perfectly readable with 
practically no strays, altho at the same time heavy strays 
were reported at the Laboratory at the Bureau of Standards. 
At other times, however, the strays were extremely bad. 
Doctor Austin reported that it seemed likely from the re- 
sults at the Fish Hatchery as well as from those at the 
Rogers’ station, that severe strays on ground wires might 
be connected with the drying out of the ground in the hot sun 
after a rain. Experiments by the Naval Radio Laboratory at 
Mr. Rogers’ Piney Point Laboratory made in the latter part of 
August and the first part of September dealt entirely with long 
wave work. They will be reported in a subsequent paper. Of 
special interest here, as applying also to short waves, is the 
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fact that they emphasize the importance of adequate insulation 
and the desirability of having the wires wholly under water or 
in moist ground, thus checking experiments which were simul- 
taneously being carried on at Great Lakes. 


7. OPTIMUM WIRE LENGTH 


The New Orleans’ experiments having indicated that for 
best results on short waves, the length of the wire should be 
carefully chosen, experiments were begun on September 1, 1917, 
at Great Lakes, to determine the optimum wire length for differ- 
ent wave lengths. The first work was done on 600 meters. 
The wire used was number 12 rubber covered.* Switches were 
installed at various points along the wire which was 300 feet 
(93 m.) in length each way, north-and-south, and audibility 
measurements were taken with various stations sending and a 
curve was plotted the vertical ordinates of which represented 
the audibility of the signal at a certain length of wire, compared 
with the audibility of the same signal on a comparison wire with 
a fixed length of 100 feet (30.5 m.). The observations were 
made on Milwaukee, Manitowoc, Manistique (all nearly straight 
north of Great Lakes), and Frankfort, and Ludington (which lay 
to the northeast). The curves all show a very sharp maximum 
at 125-foot (38 m.) length of wire. The optimum length evi- 
dently does not depend upon the direction from which 
the signal comes. Experiments on optimum wire length were 
continued, and continuous wateh was established. on the 
optimum wire length for 600 meters. It was found possible to 
receive all stations in the Great Lakes district as far as Alpena 
in the daytime and as far as Calumet at night. Calumet is 335 
miles (539 km.) distant. "The stravs, as a rule, were practically 
absent. Oceasionally loud cracks, widely separated, were re- 
ceived. These isolated strays, altho loud, did not interfere 
with the reception of signals on aecount of their brief duration. 
On two occasions, strays rose to an audibility in excess of 5,000, 
using two stages of amplification, but even in this case reception 
of signals, altho a little difficult, was not interrupted, as the 
strays were not all numerous. On these two occasions it was 
necessary to ground both the antennas at the main station. 
When the optimum wire length is used, it is very important 
indeed that the wires be fully insulated, since grounding of the 
wire, either intentionally or accidentally, produces a diminution 
of the signals. If the wires are accidentally grounded at both 

ж Diameter of number 12 wire = 0.0808 inch =0.21 em. 
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ends. the ignis dB reduced SO per cent. af its maximum value, 
Grounding the Wines intentionally or secidentaliv, decreases 
the ratio of zignais to stays The decreas’ is particularly 
marked when the wires am camtiulw adjusted to optimum 
length. For short waves, the length should be within O per cent, 
of the optimum value for the best results. In order to deters 
mine whether the optimum wire length was proportionate to 
the wave length. arrangements were made for the transmission 
of test signals from the University of Wiseonsin radio station, 
ON M. using wave lengths of 425 and 1.125 meters, The bearing 
of ХМ is 30° north of west from Great Lakes. and is 90 miles 
145 km. distant. The optimum length for 425 meters turned 
out to be S7 feet. 26.5 m. each wav, or 174 feet (53 m ever all 
which is almost exactly ith of a wave length. The optimum 
wire length for 1.125 meters proved to be 202 feet (61.6 mò each 
way or 404 feet 123.2 m. over all. whieh is jth of a wave length, 
but inasmuch as an insufficient number of observations were 
taken at the peak of the curve. it `s likely that further ob-erva- 
tions would show this value also to be ith of a wave length. 
The length found for 600 meters, 125 feet BS m.) each wav or 
250 feet (76 m.) over all. is very approximately ith of a wave 
length. The shape of the curves determined at Great. Lakes 
indicated a rather abrupt rise of signal strength when the opti- 
mum wire length was secured. The curve is, however, flatter 
for 1.125 meters than for 600 meters: and subsequent experiments 
on waves in excess of 5.000 meters, and with very. long w res, 
have failed to show апу pronounced optimum wire. length. 
Inasmuch as it Was suspected that the optimum length depended 
upon the e’ectrical constants of the surrounding medium, wires 
were installed at the beach station directly in the water, which 
in this case was, of course, fresh water. The optimum length 
turned out to be exactly the same, somewhat to the writer's 
astonishment, but the signals were nearly 20 times as strong 
as when the wires were laid in dry sand. Very satisfactory 
signals were obtained using two w res, one connected to each 
post of the receiver and both running in the same direct on, pro- 
vided the one wire was in the water or in very wet sand and the 
other was in dry sand. The waves evidently experience a change 
of phase as well as a change in their angle of stagger or inclina- 
.tion with the horizontal. Experiments were now undertaken 
by Ensign A. Crossley, at Great Lakes, under the writers diree- 
tion, to determine whether the optimum length depended upon 
the size of the wires and the thickness of the insulation, It 
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seemed highly desirable to use high tension insulation for a per- 
manent installation and experiments were undertaken, first with 
number 14 high tension Packard cable,* for which the optimum 
wire length was considerably longer, being in the neighborhood 
of 200 feet (61 m.) for 600 meters. These experiments continued 
thruout the summer, and Ensign Crossley was able finally to 
report that the optimum length was inversely proportional to 
the capacity per unit length of the wire measured against the 
ground. In other words, with a given size of wire, the thicker 
the insulation the longer will be the optimum length, and with 
a given thickness of insulation, the larger the wires, the shorter 
the optimum length. "These observations are very difficult and 
a matter of much labor to obtain. It is to be regretted that 
more of them are not available, made by other observers, for 
checking-up purposes. The optimum wire length for wires laid 
in reddish elay soil of the bluff turned out to be the same as was 
previously determined on the beach, nevertheless it was evident 
that the capacity per unit length of a wire laid in very dry soil 
is less than when it is laid in very wet soil, therefore, the opti- 
mum length should depend on the nature of the surrounding 
soil. In order to get an extreme case, wires were laid 3 inches 
(7.62 em.) deep in very dry sand on the beach and after many 
failures on account of frequent rains, a series of measurements 
were taken which indicated pretty definitely that the optimum 
length for 600 meters for number 12 rubber covered wiret was 
162 feet (49.4 m.) each way instead of 125 feet (38.1 m.) each 
way. It is evident, therefore, that for best results wires should 
be laid in fairly wet soil or in water. First, because the signals 
are much louder; second, because the relative suppression of 
strays is greater, and third, because then the optimum length 
will remain fixed. If the wires are laid in salt water, care must 
be taken not to have them too deep unless conditions are such 
that very high amplification can be used. The signal falls off 
very rapidly with the depth in salt water, but in fresh water 
there is, on long waves at least, no measurable falling off in 
signal strength down to 60 feet (18.3 m.) in depth. "The existence 
of the optimum length is very helpful in making the system 
much more sharply selective, a feature which is particularly 
valuable in distant control work. Figure 1 shows two typical 
curves obtained in a determination of optimum wire length for 
number 12 simplex cable, the signals in each case being com- 


* Diameter of number 14 wire = 0.0641 inch 20.16 em. 
T Diameter of number 12 wire = 0.080% inch 20.21 em. 
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$. EXPERIMENTS ON THE Ккк «v Gurr Lanes 
The steel building intended for the radio laboratis hos mn 
been installed in Camp Paul Jones, ene quarter iile (0 | hin? 
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straight north of the radio station, wires were laid in trenches 
four feet (1.2 m.) deep, it being evidently desirable to get down 
to the level of permanently moist ground for the sake of getting 


 Strongnr signals. and'good ratios of signals to strays. Previously 


determined optimum lengths of wire were used for 600 meters. 
The trenches radiated north, east, south, and west. А good 
ground connection was made by driving an iron pipe down to 
ground water level. It seems curious that ground water should 
have been found below four feet (1.2 m.) at the location of Camp 
Paul Jones as it is near the edge of a 90-foot (27.5 m.) bluff, 
but such was the case. In ground wire work it is, of course, 
always possible to use one wire against a good ground connection. 
It has never been definitely settled whether this gives as good 
elimination of strays as when the wires are used in pairs 4n the 
same straight line. The signal is about 65 per cent. of the 
strength of the signals which are obtained when the wires are 
used in pairs. The optimum length is the same. If additional 
wire is added to the ground wire system, but is not buried or 
under water, it has very little, if any, effect upon the optimum 
length. That is to say, the optimum length is the length of the 
submerged or subterranean portion of the wire. If, as Ensign 
Crossley's reports indicate, the optimum length is dctermined 
by the capacity per unit length of the wire, this is, of course, 
fairly understandable, as the portion of the wire unburied has 
relatively small capacity. Since the ground wire system is 
highly directive, the best standard listening-in arrangement for 
picking up signals is to use & pair of wires at right angles to each 
other, with a switch arrangement so that when a signal is found, 
the proper wire pair can immediately be thrown in. The use 
of a west wire and south wire, for instance, will pick up signals 
from stations lying in a general north-and-south direction, or 
in a general east-and-west direction. Signals coming exactly 
along the bisector of the angle between the two wires, however, 
will be eliminated. The best universal listening-in arrangement 
is to use two wires at right angles in parallel with each other 
connected to one side of the receiver, the other side of which 1s 
grounded. 


‚ 9, EXPERIMENTS AT NEW LONDON 


During the month of August, 1917, underwater experiments 
were conducted by Mr. H. H. Lyon at the Submarine Base at 
New London, Connecticut. The water at this point is brackish. 
The experiments were mostly on long waves and only a relatively 
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Cresilevs renerts under date М January 9th and January 23, 
1915. are of interest here. 

“It is noted that the use of a wnes condenser and lane me 
ductances are essential. Bw using the ground and ene wiry, 
a wave Is emitted whose directive transmitting properties. atv 
Impaired. while by using two wires the directivity of Chis sstem 
is Very pronounced: namely, if we use a ground and south win, 
signals are received with a maximum audibilty at the radio 
station which is due south of the laboratory, and i£ the cast- 
and-west wires are used. we find that minimum audibilities 
are received at the radio station. Altho comparatively low 
voltages (1,500 to 5,000) were used on the subterranean wires 
and no trouble was experienced with their insulating qualities, 
it is practical to use other systems whieh necessitates. higher 
voltages, provided slight changes are made to insure sultlieient 
insulation. The foregoing experiments were conducted on wirex 
whose optimum length gave maximum received signals on à 000- 
meter wave. It may be probable that there is à diferent opti- 
mum length for transmitting on 600 meters, but. experiments 
for this optimum length are impractical at the present time dune 
to frozen ground in this vicinity. Experiments of this niture 
will be conducted in the Spring." 

“Much trouble was experienced im operating the 0:5 hale 
watt bulb transmitter, due to frequent. polarization of. the 
bulbs. This trouble entailed a delay of five dave during 
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which time different experiments were conducted for maxi- 
mum radiation. Direct connection to ground wires, using 
inductance and a capacity in series with one wire, the other 
side of the circuit being connected directly to ground, gave 
maximum radiation, but unstable adjustment of bulbs. The 
main trouble with this hook-up is that when maximum radi- 
ation 1s obtained, the bulbs become unstable and frequently 
polarized. This polarization necessitates complete re-adjust- 
ment of the circuits and consequent loss of from ten to fifteen 
minutes of time. The inductive coupling as shown in Figure 2, 
gave approximately 0.5 the radiation, as obtained with the first 
hook-up. This connection required very accurate tuning of 


ground wire ground шы ' 


FIGURE 2 


condenser before any radiation was obtained. Upon com- 
pleting these preliminary tests, arrangements were made with 
Mr. A. L. Howard, of Chicago, who kindly offered the services 
of his station to conduct tests between the Laboratory and 
Chicago. One operator was detailed from the Laboratory to 
assist in overhauling Mr. Howard’s receiving station. One 
afternoon was required to complete this work. That evening 
the experiments were commenced with Mr. Howard’s station, 
36 miles (58 km.) from Great Lakes. Wave lengths of 340, 600, 
and 720 mcters were used in this experiment, with respective 
antenna currents of 0.8, 1.0, and 1.4 amperes. Considerable 
difficulty was experienced at Mr. Howard’s station due to the 
audion detector being apparently dead from poor vacuum. 
Two hours were consumed in reviving this detector, after which 
time the receiving set was in perfect condition. The signals 
from the Laboratory were heard during the last five minutes 
of the test. The sending schedule being finished, no further 
signals were received from the Laboratory. No definite data 
could be obtained during this test. Arrangements are being 
made whereby one operator will be detailed permanently at Mr. 
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Howard's station and daily tests will be conducted between the 
two stations. If it were possible to use a Cutting and Washing- 

_ton or a Clapp-Eastham ‘Hytone’ transmitting set, both of 
which use low voltages, it is probable that better results might 
be obtained, as the bulb set is very unstable and requires 
expert manipulation. Efforts are being made to obtain such a 
set. If this is not possible a Navy portable 500-cvcle field set 
will be used.” 

Under date of January 31st. Ensign Crossley reported sub- 
sequent experiments using the same combination of apparatus, 
except that the signals from the underground svstem were com- 
pared with those obtained by using the same transmitter on a 
four-wire antenna 200 feet (61 m.) long, 10 feet (3.5 m.) high 
at one end and 25 feet (7.6 m» high at the other. A wave length 
of 720 meters was used on the antenna and the antenna current 
was 1.8 amperes. On the underground system two wave lengths 
were used, one of 450 meters and the other of 550 meters. The 
radiation of the underground system was kept at about 0.5 
amperes for each wave. The test was continued for one week, 
two hours each dav. Upon averaging the audibilities of received 
signals, it was found that the subterranean wires emitted signals 
that were received at Chicago, distant 36 miles (58 km.), with 
twice the audibility of the signals from the antenna. The fol- 
lowing week the experiments were repeated and showed an aver- 
age audibility of 1.656 for the subterranean wires and 700 for 
the aerial. To test the directivity, signals were transmitted on 
a combination of ground and south wire, and ground and east 
wire. The results showed that signals transmitted on the ground 
and south combination were six times as strong as the signals 
transmitted on the ground and east wire combination. The 
receiving station in Chicago was due south from the laboratory. 
So much trouble was experienced with the bulb set that it 
was replaced with a Clapp-Eastham 0.5-kilowatt “Hytone” 
transmitting set. While experimenting with this set, it was 
noted that the addition of extra wires increased the radiation. 
For instance. if 0.8 of an ampere was obtained by uxing the ground 
against a south wire, this was increased to 1 ampere if a north 
wire was added. When using all the wires, namely, north, 
northeast, east, southeast, south, southwest, west, and north- 
west against the ground, a radiation of 1.6 amperes was obtaincd 
on 450 meters. Тһе following readings were obtained at Chicago: 


Audibility | Wave 
Combination Radiation fof Received] Length 
Amperes Signals | Meters 


SS наь не — а — — — B ——— 


Ground with south wire.... 0.8 12 


Ground with north and south 


Ground with N, NE, E, SE, 
S, SW, W, NW. 
Regular antenna. 


The results indicated in this table are very abnormal. Forin- 
stanee using a north-and-south wire, nothing should have been 
received at Chicago except that due to a regular antenna effect, 
due to the fact that the true ground was a few feet (about a 
meter) below the level of the ground wires. The signals re- 
ceived at Chicago on this combination should have been very 
small. It later transpired that the south wire had been punc- 
tured by the higher voltages of the Clapp-Eastham set. What 
we had to deal with here was probably a loop transmission effect 
with the loop underground. The north buried wire constituted 
the top of the loop and the ground constituted the return or 
under side. The writer suggested that a counterpoise wire 2.5 
feet (0.76 m.) above the ground be tried out against the north 
wire. This proved to give the best results, possibly due partly 
to the fact that less strain was placed on the insulation between 
the buried wire and ground. No ground connection was used 
with this combination. The signals as received at Chicago 
were 2.5 times as strong as those sent from an antenna 240 fect 
(73 m.) long, 9 feet (2.7 m.) wide, 14 feet (4.3 m.) high at one 
end and 40 feet (12.2 m.) high at the other end, using the same 
radiation. Ensign. Crossley recommended. that to obtain more 
radiation the use of several parallel wires would be of advantage. 
He was unable to try this out on account of the ground being 
frozen at the time. It was discovered that the combination 
using all wires together against the ground had very poor radi- 
ating qualities when all wires were properly insulated. During 
the following week, both the north and south wires again devel- 
oped a ground, but it was still possible to use them against the 
eounterpoise. The signal was reduced to one-third of its pre- 
vious value. Experiments were then made with various eleva- 
tions of the counterpoise above the wires in the ground with 
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à Toetsen of Ss Navy's cennestion with ground woe 
work. based on toe Rogers system. has been briety outlined. 

> [т has teen shown that U Is Pests [o mue Very 
е ее шту signals from stations at any wave length. lorg or 
short, using submergej or subtermineam Wires, proviied Chat ane 
Or two Stages of amovteation be used. 

e Tre directivity ef the wires has been сатти Gammes 
and it has been proven that signals coming at rgi ht an US De 
а given. wire pair are excluded. while sigrais coming ы tü 
the wire pair are received with maximum Омери. 

d. The feasibility of utilizing this system with ats hight 
directive and highly selective properties for distant control work 
has been demonstrated. X new type of distant control is then 
fore possible. а type where the control station need be removed 
only a few hundred feet 50 or 100 m.* from the sending station, 

e The optimum wire length has been determined to be 
independent of the angle from which the signal comes and to be, 
for short waves, roughly proportional to the wave length, The 
existence of the optimum length greatly inereased the selectivity 
of the receiver. The optimum length has been determined: to 
be independent of the nature of the surrounding medium, if the 
хате is wet or moist. The optimum length depends inversely 
upon the capacity per unit length. of the wire used. 

(f) The importance of adequate insulation has been indicated, 

(к) The relative advantage of ground. wire reception. on 
short waves lies in the ability of the receiving operators to eon- 
tinue to copy messages thru violent storms without danger to 
themselves and with little or no interruption of tratie. The 
very great advantage in the suppression of summer strays ts 
noted on all waves but particularly on short ones, The manner 
of the suppression of strays seems to be not only a reduction in 


3359 


intensity all around, but a remarkable reduction in the frequency 
of the strays. Altho the ground wire system appears in many 
respects to be aperiodic, the fact that an optimum length of wire 
exists for short waves, stands as a hitherto unexplained contra- 
diction. 

(h) Reception in fresh water or wet soil is enormously 
superior to that of bare wires above or on the surface or in dry 
soil. As the wire is lowered into water or into wet ground, the 
signals increase, whereas the strays are reduced. How deep the 
wires may be buried with advantage is not yet known. 

(i) Preliminary experiments on. transmission with subter- 
ranean wires have shown that transmission with low powers 
and continuous short waves is possible over considerable dis- 
tances. The greatest communicating distance obtained was be- 
tween Great Lakes and Chicago, a distance of 36 miles (58 kin.), 
with 0.8 of an ampere in the underground wires. Interesting 
possibilities are indicated by these transmission experiments. 
With specially insulated wires and amplifying receiving sets, 
much greater distances ean undoubtedly be obtained. 


12. THEORETICAL CONSIDERATIONS 
Since ground wire reception may be carried out with wires 
very near the surface of the ground, altho not so successfully 
as when buried deeper, the phenomenon must depend upon the 
well known stagger or inclination of the advancing wave front, 
thus giving a horizontal component to the electrice vector parallel 
to the receiving wires. It is likely that this angle of stagger 
increased with the penetration of the wave, especially when 
that penetration reaches a soil of considerable conductivity in 
comparison with absolutely dry soil. It is possible, of course, 
that buried wires may also act in а way like loops, the capacity 
of the wires to the ground furnishing a return thru ground for 
the lower side of the loop. Reception on ground wires follows 
the same law of diurnal variation and seasonal variation as 
reception on an ordinary antenna. It is not believed, therefore, 
that we have here to do with a separate wave or current in the 
earth. This point has not been specifically mentioned in this 
paper, but has been thoroly proven by observations on trans- 
Atlantic work. The writer is unable to form an opinion as to 
whether the suppression of strays is due to the material surround- 
ing the wire acting like a Dieckmann cage or to the fact that 
possibly the origin of the strays is at such a point that their 
orizontal electrical components are relatively less than those 
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DISCUSSION 


Julius Weinberger (by letter): There has been a good deal 
of work done along the lines indicated in Commander Tavlor's 
paper, by Kiebitz, Mosler, Hausrath, and Braun, in Germany, 
a great many years ago.  Kiebitz experimented mainly with low 
horizontal antennas and wires laid upon the ground; his results 
are given in “Jahrbuch der drahtlosen Telegraphie," volume 5, 
page 360 (1912), and volume 6, pages 1 and 554 (1912). Of 
interest also is a discussion between Mosler, Burstyu, and 
Hausrath, in the same periodical, volume 6, pages 359-366 and 
570-573 (1912), in which numerous experiments are described 
to prove the feasibility of reception on horizontal antennas on 
dry sand, over fresh water and under its surface; the faet 15 also 
mentioned that at that time Professor Braun was conducting 
experiments on subterranean reception in the fortress of Strass- 
burg. 


A. Hoyt Taylor (by letter): I think it must be conceded 
that the first papers on ground wire work appeared in Germany, 
altho there is evidence to show that Mr. Rogers in this country 
was probably working along these lines at an earlier date. The 
German experiments were more largely concerned with very low 
antennas, rather than with antennas under the earth or under 
the water, and no systematie attempt seems to have been made 
to do verv long distance work or to investigate the relation be- 
tween strays and signals. 
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SIMULTANEOUS SENDING AND RECEIVING* 


By 
Ernst Е. W. ALEXANDERSON Î 


(CONSULTING ENGINEER, GENERAL ELECTRIC COMPANY) 


The first part of this paper dealing with duplex telephony 
and the ‘‘bridge receiver" was printed before America’s partici- 
pation in the war, but the publication of the same was with- 
held at the request of General Squier and Commander Hooper 
after a demonstration of the system to these officers in Schenec- 
tady. The author also had the opportunity to make a demon- 
stration of the bridge receiver on the battleship “New York" 
in accordance with the request of Commander Hooper; and it 
is his understanding that further applications of the system of 
simultaneous sending and receiving to war ships have been made 
by the Navy. 

The object of this development was briefly to provide means 
for neutralizing the overwhelming intensity of the transmuit‘ed 
signal so as to make the receiving set sensitive to the f - 
pulses of the distant signal. Popularly speaking 


ponding equivalent in,sound waves would be at 
which could be so adjusted that a person c to 
a steam whistle without hearing the whist! on 
speaking from a distance cf a few hund red 
meters). А successful solution of (d as 
described. This method of receptioi. | 1 by 
a static bridge neutralization тау L `8 


the “bridge receiver." 


THE BARRAGE RECEIVER 


During the war the same problem presentea 
a form which called for a new solution. Distan. 
relative, and a steam whistle located in Germany might m 


* Received by the Editor, February 8, 1919. Paragraphs and figu 
starred thus: *, were received March 14, 1917. Presented before the Ins 
tute, New York, April 2, 1919. 

t In connection with the experimental work referred to in this paper, the 
author wishes to acknowledge the co-operation of Mr. Н. Н. Beverage and 
Mr. B. Bradbury. 
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such a noise that it would completely drown out both in England 
and France the sound of the voice calling from America. To 
find a way to counteract such a contingency was seriously con- 
sidered by the Inter-Allied conference in February, 1918; and 
appeals for a solution were conveyed to the author by the French 
representative in this country, Lieutenant Paternot. The 
solution to this problem which was adopted by the American 
as well as the French Government after the first demonstration, 
has become known as the “barrage receiver." This name 
appears appropriate because the word “barrage” has not only 
the military meaning which has become so familiar but also the 
original meaning of toll or stoppage prevention. Thus the 
barrage receiver may be used not only in time of war to counter- 
act the offensive barrage of an enemy radio station, but it may 
be used to multiply the number of peaceful communications 
that may be carried on simultaneously without disturbing each 
other. 


DuPLEx RADIO TELEPHONY 


*Everybody who has experimented with radio telephony has 
undoubtedly observed that the interchange of ideas is not satis- 
factory if it is necessary to manipulate a switch of some kind in 
order to change the equipment from sending to receiving. Even 
if an automatic device is used for performing the change-over, 
the two parties are apt to say “hello” simultaneously, then wait 
for an answer simultancously, then say “hello” again, and finally 
give it up in despair. It can, therefore, be said that one of the 
most important problems from the point of view of making radio 
telephony practical and useful for the general public is to devise 
a simple method of duplex operation, whereby the speaker is 
able to hear the voice of the other party in the same way as this 
is done on the wire lines. In the work that has been done to 
attain this end several possibilities have presented themselves 
and have been tried out. It should first be mentioned that 
Fessenden worked out a system of duplex telephony whereby the 
same antenna could be used for sending and receiving at the 
same time. As shown by the patent records, this was accom- 
plished by a system of neutralization in the receiving circuit 
whereby a high degree of selectivity is attained between the 
sending and receiving wave lengths. In deciding upon the 
possible methods of attacking the problem experimentally the 
above method was left out of consideration on account of the 
practical difficulties that it appeared to present. 


364 


*The first method that yielded practical results was the use 
of separate sending and receiving antennas, located sufficiently 
far apart, so that the selectivity of ordinary receiving instruments 
could be depended upon for differentiation between the wave 
lengths of the sending and receiving stations. Each pair of 
sending and receiving stations were interconnected by a wire 
line and furthermore connected to the exchange of the local 
telephone system, so that any subscriber on the telephone system 
could be connected to the radio system. With this arrangement 
the radio system has the same relation to the subscriber as a toll 
line. The radio operator takes the place of the toll line operator, 
and to the subscriber the method of communication is the same 
as a conversation over the toll line. The diagram of connections 
is shown in Figure 1. It may be noted that the lines from the 
sending and receiving stations are introduced in series with the 
subsceriber's line. While a shunt connection can be made which 
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*FiGcnE 1—System of Duplex Radiotelephony Connected 
with Local Telephone Exchange 
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is theoretically equivalent to a series connection if resistance, 
inductance, and capacity are carefully equalized, it was found 
that the series connection could more easily be arranged so as - 
not to interfere with the quality of articulation. The subscriber 
and the sending station are connected like two ordinary sub- 
scribers on a central exchange with the only difference that a 
transformer with its primary winding connected across the line 
from the receiving station is, by its secondary, permanently 
introduced in series with the line to the sending station. A tele- 
phone current originating in the receiving station is thus trans- 
formed into a current flowing in the closed circuit between the 
subscriber’s instrument and the instrument in the sending 
station. A telephone current originating in the subseriber’s 
instrument will follow exactly the same path. It thus follows 
that the current originating in the receiving station will be 
transmitted by the sending station in the same way as the current 
carrying the voice of the local subscriber. Consequently both 
sides of the conversation are transmitted by each sending station 
and a third party might hear both speakers by tuning in on either 
of the two wave lengths; this conclusion was confirmed by the 
tests. Another conclusion can also be drawn from the above 
reasoning. If the amplification in the receiving station should 
be made great enough to produce a telephone current in the 
subscriber’s line of greater intensity than the current originally 
produced by the speaker, this same current will be relayed again 
thru the sending station and come back to the speaker in inten- 
sified form and would again be transmitted from the first sending 
station. А cumulative effect would thus be created which would 
result in self-exciting inarticulate oscillations such as шау be 
obtained by holding a receiver in front of a microphone. Any 
trouble from this source is entirely avoided by keeping the 
amplification within a certain critical value, whereby the re- 
transmission becomes so rapidly converging as to cause no 
noticeable interference. 

*While the system of duplex radio telephony described will 
probably prove the most practical for communication over long 
distances between subscribers of the local telephone exchanges, 
there are other promising fields for radio telephony for which 
interconnection with wire telephone exchanges is neither desirable 
nor practical. Such applications are communication between 
ships, emergency communication between sub-stations of electric 
power systems, radiotelephonic train dispatching, supervising 
stations for forests, and, in general, communication between 


366 


isolated settlements in unbroken countries. In all these cases, 
it is essential that the sending and receiving equipment should 
be a unit controlled by the same operator. There is, on the 
other hand, no object in combining the transmitted and received 
telephone current in the same circuit because the operator may 
speak into a microphone and receive thru a headphone which 
two instruments have no electrical connection with each other. 
The most desirable arrangement under these conditions would, 
no doubt, be to have a duplex system as indicated by Fessenden, 
whereby the same antenna could be used simultaneously for 
sending and receiving. Another possibility of using the same 
antenna was considered: to use the same set of wires as a loop 
antenna for the one function and as an open antenna for the 
other function. For various reasons, however, the following 
solution, which will be described in greater detail, was found 
the most practical. 


NEUTRALIZED RECEIVING ANTENNA MOUNTED ON THE SAME 
MasT AS THE SENDING ANTENNA 


*If two sets of wires are mounted on the same masts, the 
radiation from one set to the other is obviously so strong that 
the overpowering of an ordinary receiving set by the transmitted 
energy would be almost of the same order of magnitude as if 
the identical wires were used. The quantitative relations may 
be better appreciated by mentioning specific figures. In the 
tests made in Schenectady, the receiving antenna consists of 
five wires mounted as an umbrella around the main mast, while 
the sending antenna consists of two wires extending from this 
mast to another building. The capacity to ground of the 
sending antenna is 0.003 microfarad, the receiving antenna 0.0011 
microfarad, and the mutual capacity such that 10,000 volts on 
the sending antenna produces 500 volts on the receiving antenna 
when it is disconnected. While it is obvious that an antenna 
oscillating with 500 volts continuous waves could not be used. 
with ordinary methods of reception, the system for neutraliza- 
tion which will be described has proven so effective that an 
ordinary receiving set can be used for receiving signals from 
such distances as the Pacific coast (2,500 miles or 4,000 km.) 
without any appreciable interference from continuous wave 
radiation from the main antenna of 20 amperes and 10,000 volts. 

*Two methods of neutralization have been used: inductive 
neutralization and static (capacitive) neutralization. While 
both methods have been used successfully, the capacitive 
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neutralization is much preferable both on account of accuracy 
of adjustment and simplicity. А diagram of inductive neutraliza- 
tion is shown on Figure 2. The transformer T is used to create 
a potential of opposite phase to the potential of the sending 
antenna. The negative potential thus created is transferred to 
the receiving antenna thru the exposure condenser E. The 
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*FIGURE 2—System of Duplex Radiotelephony with 
| Inductive Neutralization 


M—Magnetic Amplifier E—Exposure Condenser 
A—Alternator . F—Frequency Trap 
T—Neutralization Transformer D—Detector 


negative potential thus impressed upon the receiving antenna 
thru the transformer and. the exposure condenser is adjusted so 
as to counterbalance exactly the direct exposure from antenna 
‘to antenna, thus leaving the receiving antenna at ground po- 
tential. The phase relation of the transformer is, however, 
not exactly 180°, and a residual potential is left on the receiving 
antenna which is sufficient in most cases to interfere with recep- 
tion unless further precautions are taken. If, however, a 
frequency trap F is introduced the neutralization becomes good 
enough so that an ordinary receiving set can be used. 

The arrangement shown on Figure 2 was used to demon- 
strate duplex radio telephone conversation between Pittsfield 
and Schenectady (50 miles or 80 km.) 
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THE BRIDGE RECEIVER 

The system of capacitive neutralization is shown diagram- 
matically on Figure 3. The receiving antenna, A:s, is connected 
thru a shielded primary loading coil, T», to a counterpoise con- 
denser, C;. This loading coil is coupled aperiodically to the 
secondary of a receiving set of any ordinary type. "The counter- 
poise condenser is connected thru the exposure condensers C, 
and С» to the sending antenna. 

The function of the capacitive neutralization can be best 
explained by showing the diagram as a Wheatstone bridge as in 
Figure 4. The exposure condensers and the counterpoise con- 
densers form an artificial circuit duplicating the potential drops 
between the sending antenna, the receiving antenna, and ground. 
By adjusting the exposure condenser two equipotential points 
are found between which the receiving set is connected in a 
manner analogous to the Wheatstone bridge, hence the name 
“Bridge Receiver." 


A, 


C, Ce 


FicuRE 3—System of Duplex Radiotelephony with Bridge 
Receiver (Capacitive Neutralization) 


*The neutralization by this method is so sharp that the 
influence of the two antennas on each other is reduced 
much below other sources of disturbance. The principal 
remaining disturbances caused by the transmitting system are 
the magnetic strays within the building. In so far as these 
strays are in phase with the antenna radiation, they are auto: 
matically taken care of in neutralizing the antennas. When 
neutralization is made for minimum disturbance, the neutrali- 
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zation effect is adjusted so as to compensate the sum of the 
outdoor and indoor radiation. However, in so far as the in- 
door:strays are out of phase with the capacitive neutralization, 
a residual: effect remains that must be taken care of by other 
means if it is objectionable. The local magnetic strays cause 
disturbance principally by interlinking with the secondary load- 
ing coil of the receiving set. Evidence of this was found in the 
fact that the primary neutralization cannot be appreciably 


*FicureE 4—System of Duplex Radiotelephony with 
Capacitive Neutralization 


improved upon by the use of a frequency trap. It has further- 
more been shown that the local strays can be effectively neu- 
tralized by intercepting the strays on a moderate sized wire 
loop in the neighborhood of the receiving set and impressing the 
potential so generated on a little coil mounted with an adjustable 
coupling close to the secondary loading coil of the receiving set. 
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Figure 3 shows how the final neutralization is accomplished 
in a more exact way by a phase rotator, P, coupled to the trans- 
mitting set. 

Figure 5 shows some simple types of antennas that may be 
proposed for duplex work. The combination of horizontal and 
umbrella is the arrangement used for the tests described. 


*Ficure 5—Antenna Systems for Duplex Radiotelephony 


Figure 6 is a photograph of a bridge receiving set, consisting 
of three units. The bridge coupler shown on the left is the 
shielded primary tuner shown as T» in Figure 3. The receiving 
set shown at the right of the bridge coupler in Figure 6 is an 
ordinary type of regenerative receiver. The primary of the 
receiving set is not tuned, but is adjusted to serve as part of 
an aperiodic coupling between the tuned primary of the bridge 
coupler and the tuned secondary of the receiving set. On the 


371 


right of the receiving set is the pliotron detector unit. The 
three units shown in the photograph are separate and may be 
used in different combinations if desired. 


FIGURE 6—Bridge Receiving Set for Duplex Radio Telegraphy 


Tuk BARRAGE RECEIVER 


The barrage receiver is fundamentally a uni-directional 
receiver. The principle of uni-directional reception was first 
developed by Bellini and Tosi. While the uni-directional Bellini- 
Tosi receiver has been used as a direction finder, it has, to the 
knowledge of the author, not been used to any extent for recep- 
tion of long distance signals. The Bellini-Tosi receiver is based 
on the principle of receiving the signal thru two antennas of 
different. characteristics and neutralizes the signals received 
from one direction by a system of balancing. The principle 
followed by the author in devising the barrage receiver was— 

(1) That the antennas or energy collectors should be 
aperiodic, because the balance of two tuned circuits is fundamen- 
tally very delicate and difficult to adjust for a perfect. balance. 

(2) That the balancing should consist in neutralizing the 
electromotive forces in the aperiodic antennas before those elec- 
tromotive forces have had a chance to create oscillating cur- 
rents. The phase shifting device should therefore be aperiodic. 

(3) The two or more antennas should be of the same char- 
acter; in other words, it is preferable to balance a magnetic 
exposure against another magnetic exposure rather than against 
an electrostatic exposure. 

The uni-directional Bellini-Tosi receiver works on the prin- 
ciple that the electromagnetic and electrostatic exposures are 
90° out of phase. The barrage recciver takes advantage of 
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the geographic phase displacement in the wave as it travels over 
the surface of the earth. In the first barrage receivers which 
have been installed, the antennas consist of two insulated wires 
laid on the ground a distance of two miles (3.2 km.) in each 
direction from the receiving station. It was originally intended 
by the author to mount the wires on poles, but the easier pro- 
cedure of laying the wires on the ground was adopted at the sug- 
gestion of Lieutenant-Commander A. Hoyt Taylor, and the 
larrangement has proven entirely satisfactory. The barrage 
‘receiving set, photographs of which are shown in Figures 7 and 
(В, consists of a standard receiving set, combined with a phase 
‘rotator scet. Figure 8 shows the receiving set proper lifted out 


FIGURE 7—Radio Receiving Set with Barrage Section 
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of the box. This part of the set is arranged so that it can be 
used as an ordinary receiving set. When used as a barrage 
' receiver, a condenser is used in place of the antenna and the set 
is coupled to the aperiodic antenna by the phase rotator set. 


FIGURE 8—Radio Barrage Receiving Set 


The diagram of the phase rotator set is shown on Figure 9. 
Each antenna is connected to ground thru an intensity coupler, 
the secondaries of the intensity couplers are connected to the 
primary of the phase rotators. Each phase rotator is built on 
the principle of a split phase induction motor or induction reg- 
ulator. A single phase current introduced in the primary is 
split into a quarter-phase current which produces the equivalent 
of a rotating magnetic field inductively related to the secondary. 
By adjusting the position of the secondary coil, the electromotive 
force induced in it may be made to assume any desired phase 
relation to the primary voltage. The receiving set proper when 
used with the barrage receiver has all the normal characteristics 
of a standard receiving set. А signal originating in any direc- 
tion whatever may be neutralized by adjustment of the intensity 
couplers and phase rotators. This adjustment is very easy to 
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perform, even by an inexperienced operator, and is perfectly 
stable after it has been made. 

An experimental barrage receiving set was operated for 
several months of the summer and fall of 1918, about three 
miles from the New Brunswick, New Jersey, radio station. 
Records were kept on the reception of European stations during 
the operation of the New Brunswick station. As the New Bruns- 
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FIGURE 9—4Àntennas and Receiver of Radio Barrage Set 


wick wave is 13,600 meters and the Carnarvon, Wales, wave is 
14,200 meters, the reception of Carnarvon was the hardest test 
to which the set could be put. It was found that in spite of the 
overwhelming intensity of the New Brunswick signals on an 
unbalanced receiver, the barrage receiver could be adjusted so 
that the transmitted wave not only did not interfere with the 
Carnarvon signals, but the New Brunswick signals could be made 
entirely inaudible. During these tests it was found that the 
directive characteristics of the barrage receiver was a material 
help in reduction of interference by static and strays, as it was 
found very frequently that solid copy could be obtained by proper 
directive adjustment, while the signals were practically unread- 
able with ordinary methods. Statistics of this will be presented 
in some later paper as the barrage receiver was not originally 
designed for stray elimination. "The improvement of reception 
of signals by the use of the barrage receiver depends upon the 
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highly directive qualities of this receiving system. For comparison 
with other methods of directive reception, a tabulation of direct- 
iveness is given. In this comparison the symmetrical clevated 
antenna which receives equally from all directions is designated 
at 100 per cent. The percentages of directivity are calculated 
from the areas of the corresponding horizontal plane intensity 
diagrams shown in Figure 10. If the directivity represented by 
the intensity diagrams can be taken as relative measure of the 
average stray-to-signal ratio, we find that the magnetic loop 
should have 50 per cent as much strays as the elevated antenna, 
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the differential horizontal antenna (Sayville, Long Island), 
probably about the same as the magnetic loop, and the barrage 
receiver 22 per cent. Statistics of reception indicate that these 
figures are reasonably in agreement with facts, when the strays 
are evenly distributed. When the strays are directive the im- 
provement is much greater. 

A rather surprising characteristic was discovered by the use 
of the barrage receiver. It was expected that this receiver could 
be used to neutralize signals from all directions except the di- 
rection close to the signal to be received. As a matter of fact 
it was found that interference could be neutralized, originating 
in the same direction as the signal. This was first discovered 
in the New Brunswick installation. Signals from San Diego, 
California, right in line with the transmitting station could be 
received without great reduction in intensity, while the set was 
adjusted so as to neutralize the transmitting station. The 
explanation for this is the fact that in the case of the nearby 
station, the wave front is curved and the radiation diverging, 
whereas in the case of the far-away station the radiation is 
parallel. The receiving antenna covers a space of four miles 
(6.4 km.), and in this space there is sufficient divergence of the 
radiation from the nearby station so that an adjustment can be 
made whereby the diverging and parallel radiation have different 
effect upon the receiving set. The phenomenon is comparable 
to the focussing of a field glass on nearby and distant objects. 
In this case we have a radio field glass of four miles (6.4 km.) in 
diameter; and, for such dimensions, the focussing effect is suffi- 
cient, even at considerable distances, to produce an effective 
discrimination. 

While the barrage receiver was worked out primarily to 
avoid interference in transoceanie communication, it may be 
found useful also for the purposes for which the bridge receiver 
was developed, that is, simultaneous sending and receiving from 
small shore stations or ship stations. In such eases, it has the 
advantage over the bridge receiver that it can be used not only 
to neutralize the transmitting station to which it belongs, but 
can neutralize interference from any other ship or shore station. 
By the use of a double set of phase rotators, the barrage receiver 
may be used to neutralize two stations in different directions 
simultaneously, and this principle may be carried still further if 
desired. It is thus hoped that this development will open up 
new possibilities in dealing with a problem which is perhaps the 
most important in the immediate future, that is, to meet the 
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demands on the radio technique for a rapidly increasing number 
of systems of communication. 
January 25, 1919. 


SUMMARY: A system of simultaneous reception and transmission for radio 
telephony is described, together with the reasons for its use. It involves 
transferring the received speech (from a separate receiving antenna at some 
distance from the transmitting antenna) to the subscriber’s line, and trans- 
ferring speech originating at the subscriber’s station to the radiophone trans- 
mitter. 

Another type of duplex radio communication is considered, this being 
based on nearby receiving and transmitting antennas so arranged with their 
associated apparatus that the receiver and transmitter are in conjugate 
branches of a Wheatstone bridge. The wiring of the bridge receiver is given 
and the apparatus shown. 

A so-called "barrage receiver" is then described. This is a highly di- 
rectional combination of aperiodic antennas, with unilateral directional char- 
acteristic. When two aperiodic antennas are used, the phase difference of 
the received currents produced in them depends on the direction of the in- 
coming signals. By phase shifting devices and differential coupling to a 
common receiver, the signals from any given direction can be balanced out. 
The wiring and apparatus and its functioning are described. 
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DISCUSSION 


William H. Priess: The ingenious conception of static balance 
of transmitting and receiving antennas by Mr. Alexanderson, and 
his disclosure of this invention to the Navy Department in the 
early period of the War, was responsible for the instigation of a 
general research at the Washington Navy Yard along the general 
lines of balancing signal interference. Mr. Israel has covered 
many of the systems that were tested. I shall attempt to cover 
some of the general features of the different systems. 

At an early stage in the progress of the research it was noted, 
in some cases, that an absorption of the received signal occurred 
when the transmitting antenna was connected to the receiving 
antenna thru the balancing system. Ап attempt was made to 
determine the magnitude of this absorption. Reference will be 
made to the characteristics of five typical systems. (Figure 1 
to Figure5inclusive.) The method for determining the absorp- 
tion, due to the balance system, was by measuring the change in 
audibility of received signal following the change from a simple 
receiving system to the balance system, in a constant signal sent 
for this purpose from a distant quenched spark transmitter. 
The audibility was first checked with the transmitting antenna 
disconnected. The transmitting antenna was then connected 
and the best balance obtained. The transmitter was shut down 
and, with the balance undisturbed, a second audibility reading 
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FIGURE 1—Alexanderson Statice Balance 
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was taken. It was found that the systems shown in Figure 1 
and Figure 2, as well as a system combining both Figure 1 and 
Figure 2 (Figure 1, inserting a coil in series with the lead C H and 
coupling it with coil J), absorbed about two-thirds of the received 
signal. Systems 3, 4, and 5, as well as their combinations, 
showed no appreciable signal absorption, that is to say, showed 
absorptions less than 10 per cent. It was expected that System 
2 and System 3 would suffer equal absorptions. The time al- 
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Figure 2—New York Navy Yard Magnetic Balance 


lotted to the problem was insufficient for thoroly investigating 
the difference. However, it was found that coil B, Figure 3, was - 
opposite in sense to coil B, Figure 2, for balance of the two sys- 
tems. "These tests were made with the local transmitter at 1,800 
meters and the distant transmitter at 750 meters. 

The detuning of the transmitter due to the balance system 
is an important factor. System 1 caused the greatest detuning 
and required a process of a series of approximate adjustments 
between transmitter, receiver, and balancing condensers, that 
proved very tedious, rendering a wave changer impracticable. 
Systems 2 and 3 were open to the same objection to a lesser de- 
gree. In Systems 4 and 5, this factor did not enter. Combina- 
tions of Systems 4 and 5 and uncoupled infinite impedance cir- 
cuit (inserted for example in lead AE of Figure 4), were also 
free from appreciable reaction on the transmitter. 


380 


It was both interesting and annoying to note that minimum 
residual noise in the telephones and minimum current in the 
balanced receiving antennas were not in correspondence. With 
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Figure 3—Infinite Impedance Circuit 


10 amperes in the transmitting antenna at 1,800 meters, and with 
the receiver at 750 meters; in the first system minimum inter- 
ference occurred with 160 milli-amperes in the receiving antenna, 


Figure 4— Zero Impedance Circuit 
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altho the receiving antenna could be balanced to 8 milli-amperes. 
In the second system, minimum interference occurred with 100 
milli-amperes in the receiving antenna. In this case, the receiv- 
ing antenna could be balanced, as the previous one, to 8 milli- 
amperes. System 5 gave practically a complete balance at the 
telephones, altho 600 milli-amperes were present in the receiving 
antenna. 

Measurements were made to determine the percentage dif- 
ference in wave length at which the systems were operable from 
a practical viewpoint. In the particular case of both the receiver 
and transmitter in the same room, and both the local and distant 
transmitters of the quenched spark type, with the local trans- 
mitter of the longer wave length; this limit is at about 50 per cent. 
of the transmitter wave lengths. The detector balance system 
(Figure 5) proved to be the best combination in this respect. 
It requires a special receiver primary design to handle the high 
currents and potentials developed. I made a set of comparative 


FIGURE 5—Detector Balance Circuit 


measurements in an attempt to reach the respective limits of 
Systems 1 and 5. The antenna systems are shown in Figure 6. 
The local transmitter was a 5-kilowatt, 500-cycle, quenched 
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spark set operating at 1,820 meters. The local transmitter 
wave length was maintained a constant thruout the test. The 
distant transmitter was likewise a 500-cycle quenched spark 
set and was variable in both power and wave length. Each set 
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of readings was made with the wave length of the distant trans- 
mitter constant, varying the powers of both sets to the limits of 
the systems. One set of readings made with the distant trans- 
mitter at 700 meters, from my notes of June 21, 1917, is the 
following: 


System 1 System 5 
Local transmitter antenna current 7.0 amperes 18.5 amperes 
Local transmitter transformer input 0.8 KW. 5 RW. 
Distant transmitter antenna current. 10 amperes 4 amperes 
Primary receiver current at balance 150 milli-amperes 0.78 amperes 
Primary receiver potential Approx. 10,000 volts Approx. 1,000 volts 
Residual noise in telephones Great. Small 
Operators at receiver M. Kenney, Chief Wiseman, Elec. 
Elec. U.S. N. Ist Class, U.S. N. 
J. McDonald, Chief Wolf, Elec. 
Elec. U. S. N. Ist Class, U. S. N. 
Quality of received signal Barely readable thru Very good. 
interference. 


In this test, in System 1, the whole primary of the receiver 
was at from 10,000 volts to 15,000 volts above the ground, render- 
ing receiver adjustment very difficult. This is apparent from 
a consideration of Figures 1 and 6. The potential of the receiving 
antenna due to the transmitter may be represented by some 
point on coil J, Figure 1. Since the coupling between the an- 
tennas is high, this point is shifted towards the antenna end of 
coil J with a consequent raising of the potential of the whole 
primary of the receiver (CHLM) above the ground. In the 
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particular antenna combination shown in Figure 6, the capacity 
of the АВ condenser combination (Figure 1) was l4 the capacity 
of condenser D (Figure 1). 

The current and potential design of the receiver circuits 
are obvious from a consideration of Figures 1-5. However, 
several general features may be mentioned. In both the infi- 
nite impedance and zero impedance combinations it was found 
that the important condition for minimum residual noise in the 
telephones was to make the decrements of these circuits approxi- 
mately equal to the decrement of the transmitter. Extremely 
high capacity and associated low inductance circuits are to be 
avoided. Extremely high capacities are necessarily only step- 
wise variable. Therefore, a continuously variable, extremely 
small inductance would also have to be used. The brush contact 
resistance in a continuously variable inductance may introduce 
a very troublesome factor in raising the resulting uncontrollable 
decrement of the combination above allowable limits. The cir- 
cuits should be designed so that a small amount of controlling 
resistance is permissible. It should be noted that in System 4, 
variations of resistance C between 2 and 100 ohms caused no 
change in the current in the zero impedance circuit. 

The detector balance system requires one variable for control, 
namely, coupling between transmitting antenna and secondary 
of the receiver. The coupling between the primary and second- 
ary of the recciver should be pure electromagnetic and fixed at 
a value that gives maximum audibility with the simple receiver. 
It is obvious that if this coupling is varied, a variation of the 
transmitter-detector balance will be required to compensate for 
the change. An example of satisfactory coupling coils AB, 
Figure 5, used in the rescarch are: 

A44 turns, 3.5 inches (8.89 cm.) diameter 

B-9 turns, 3.5 inches (8.89 ст.) 

Coils coaxial and separated approximately 3 inches (7.02 cm.) 
These coils were adequate for receiving wave lengths up to 1,000 
meters when transmitting on 1,820 meters. 

The final point I wish to make is the geographical natures of 
the systems. The receivers of Systems 1, 2, 3, and 5 must be 
located near the transmitter as they operate on the balance 
principle. System 4 may be remote as it operates on the filter 
principle. Zero impedance or infinite impedance circuits, either 
single or in combination, furnish the most interesting field as their 
solutions are in the line of general solutions for all cases of sim- 
ultaneous whether remote or local. 
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Mr. Alexanderson's second paper on the “Barrage Receiver" 
is of unusual interest in its vivid depiction of the flexible control 
of radio frequency phase relations. Looking over some patents 
of an early date, I found the following combination of tuned 
magnetic receiving loop with central point grounded. The in- 
teresting portion is circuit C for adjusting the phase of the elec- 
trostatic component of the wave impressed on the grounded an- 
tenna AD, so that both the electrostatic component of the wave 
impressed on it and the electromagnetic component impressed 
on the magnetic loop A, are added together in the desired com- 
mon receiving circuit F. This work was done in 1907 and is the 
earliest public mention I can find on deliberate phase adjust- 
ment in radio frequency circuits. It has apparently not received 
the general attention of radio engineers for a number of vears. 
This matter of phase adjustment is interesting in view of the 
papers delivered by Mr. Weagant and Mr. Alexanderson and is 
merely offered as a suggestion. 


John V. L. Hogan: Whose patent was that, do you re- 
member? 


William H. Priess; Mr. Pickard's patent of 1908 (876,996). 


Another interesting point in connection with the balancing 
of interference may be made, namely, the balancing of static 
interference. The ratio of signal to static intensity on a magnetic 
loop differs from the ratio of signal to static on a straight 
grounded antenna. The circuit previously shown in Figure 7 
provides a system of static balance by amplitude. After 
adjusting in circuit C the phase of the electrostatic component 
of the wave received on the grounded antenna DA, so that it. 
corresponds with the phase in circuit B of electromagnetic com- 
ponent of the wave received on the loop A, the two components 
are added negatively in the receiver circuit F. By varying the 
coupling between circuits C and F with respect to the coupling 
between circuits B and F, to the point where the emf. due to 
static induced across circuit F by circuit C is equal and op- 
posite to the emf. due to static induced across circuit F by 
circuit B, the total emf, due to static in the detector circuit F 
becomes zero. However, since the ratio of signal to statie is 
different on the loop from what it is on the grounded antenna, a 
residual emf. due solely to the signal wave remains in circuit F. 
The pure signal may be amplified if required without reaction 
on the system. This is the system of statie elimination by 
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amplitude balance. The apparatus, including antennas, is local 
and can be used on a ship. Only one adjustment is necessary 
and thatiisthe relative couplings of receiver and transfer circuits, 
F, B, and C. 
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FIGURE 7 


Lloyd Espenschied: I should like toask Mr. Alexanderson if 
he has available any engineering data on the balance between two 
closely adjacent antennas which it is possible to obtain experi- 
mentally and also that which it is practicable to maintain in 
service. It should be observed that the two general principles 
involved in Mr. Alexanderson's work whereby it is possible to 
exclude the interference from the home sending station are those 
of selectivity involving a difference in frequency between the 
sending and receiving transmissions, and of directivity permit- 
ting of balance. It would be helpful were it possible for Mr. 
Alexanderson to evaluate the individual effects of these two 
methods in separating the undesired from the desired transmis- 
sion; that is, to what extent and under what conditions may 


386 


balance be relied upon and to what extent must balance be sup- 
plemented by selectivity Quantitative data of this kind must 
be had, of course, before duplex radio can be adequately engi- 
neered and maintained in service. 

Two types of balance are illustrated by Mr. Alexanderson, 
one in which the balance is effected between the real antenna and 
a dummy orartificial antenna, and the other in which balance is as 
between two real antennas. We should expect the maintenance 
of a balance by means of an artificial antenna to be attended by 
some difficulty because of changes in the antenna constants 
caused by varying weather conditions. In this respect, the con- 
stancy of balance should be better for the system employing in 
effect two conjugate real antennas, considering the loop antenna 
as a form of the latter type. 

(After Mr. Alexanderson’s answer): It appears then that the 
balance as measured by current ratio is of the order of a million. 
It is of interest to note that even allowing for the fact that this 
result is obtained by refined experimentation, it seems to be 
much better than the balance which obtains in ordinary duplex 
operation over land lines. We should, of course, expect to be 
able to obtain a higher degree of balance in employing a localized 
structure such as an antenna than is possible under the condi- 
tions of wire transmission where the line extends over consider- 
able territory. 


Lieutenant M. W. Arps: 1. I notice in the descriptions of 
experiments made, that Mr. Alexanderson states that the an- 
tennas are two miles (3.2 km.) long. Of course, that is imprac- 
tical on ship work. Antennas 250 feet (80 m.) in each direction 
are what we have on board ship and what we do work on. 

2. Regarding the latter type of barrage receiver, with the 
experience that the ordinary operator has, it is hard to have him 
tune two cireuits. I should like to know whether the barrage 
type of receiver is developed to such a point where vou could 
have it on board ship and have the ordinary operator obtain 
good results. 


C. L. Farrand: I am exceedingly interested in the paper Mr. 
Alexanderson has delivered this evening. The problem of sim- 
ultancous transmission and reception and the problem of the 
barrage receiver are very similar. The latter is better known to 
me than the first. The general problem involved is producing 
a receiving svstem that is responsive to the desired signal and 
unresponsive to the undesired signal dy differentiating between 
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peculiar. charactert-ties of each. The de-ired signal i~ in all 
eue that of the distant transmitter. The undesired -ignal шау 
be from the a--oclated transmitter, which may be very immediate, 
or at a rea-onable di-tance, an interfering station, static or 
combination of thes’ three. 

Mr. Alexanderson has shown us how successfully а -v-tem 
of this nature can be operated, even when the interfering station 
was on exactly the same wave length and in the line of direction 
of the distant station. In the previous discussion, there are men- 
tioned early trials endeavoring simultaneously to transmit and 
receive, and which have been accompanied by succes» of greater 
or less degree. The earliest date of their experiments. I believe, 
was in J914. A very early work along these lines was done by 
Sir Oliver Lodge who. in 159%, took out patents in this country 
as indicated in the following sketch (see Figure 1), wherein. he 
shows two rectilinear antennas tuned by means of condensers and 
inductances, Unfortunately, altho he describes the use of the 
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system for reception, he does not show the mode of connection, 
and leaves it to one's Imagination that the spark gaps will be 
replaced by соһегегх. So it may be considered as stretching the 
point to consider that his disclosure was suitable for interference 
prevention. However, an American inventor, very well known 
to the Institute, Mr. John Stone Stone, in 1901 indicated that 
he had a very clear conception of the problem by the disclosure 
in his American patent of a system for simultaneous transmission 
and reception, somewhat as indicated in the sketch (see Figure 2). 
Three antennas are shown erected in the direction of propagation 
of the signal and spaced preferably, the specification хаух, a total 
half wave length. The central antenna is used for transmitting, 
and 1s spaced a quarter wave length from the adjacent receiving 
antenna. The receiving antenna is coupled to а common re- 
ceiver, and in. combination is responsive to the distant trans- 
mutter and unresponsive to the associated transmitter. 
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Balancing antennas have been used extensively for different 
purposes. The Marconi trans-Atlantic stations have used bal- 
ancing antenna for simultaneous transmission and reception, 
or “duplexing,” as it is termed. The system consisted of a long 
horizontal antenna, in the direction of reception, usually a single 
wire several hundred feet (about 100 m.) high and of relatively 
greater length, for the main receiving antenna. The balancing 
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antenna was placed at right angles to the receiving antenna, and 
principally receptive from the associated transmitter, and usually 
consisted of a single wire less than a hundred feet (30 m.) high 
and of length equal to the receiving antenna, approximately. 
The object was to balance out the signal of the associated trans- 
mitter. It was considered that the low balancing antenna would 
receive the signal of that transmitter in greater ratio to the signal 
of the distant transmitter, than the main receiving antenna. It 
is rather difficult now to realize that these efforts along the line 
of duplexing did not accomplish statie reduction, but probably 
it can be accounted for by static reduction not being the object 
of the experiments, the dissimilarity of the antenna, the relatively 
poor phase relations existing due to the use of long waves, and 
the small separation of the electrical centers of the antenna which 
with the crystal detectors then used did not permit of proper 
phasing, as sufficient energy could not then be extracted. 

Two general methods of attack have been considered in the 
discussion for reducing interference from signal and static, first 
is one which Mr. Priess has mentioned, and to which I have de- 
voted considerable attention, dependent upon the inequality of 
the ratios of the amplitudes of static to signal in two receiving 
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systems; the second is dependent upon the inequality of phase 
relation of static to signal in two receiving systems. If two re- 
ceiving systems could be constructed which would receive static 
and signal in unequal ratio, a very positive method of eliminating 
static would result. It seems that the success of the attempts to 
reduce interference has been due principally to the unequal phase 
relations, rather than to the inequality of amplitude ratios. 
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RADIO TELEGRAPHY IN COMPETITION WITH WIRE 
TELEGRAPHY IN OVERLAND WORK* 


By 
ROBERT Воүр BLACK 


(FEDERAL TELEGRAPH CoMPANY SAN FRANCISCO CALIFORNIA) 


Since the first days of radio telegraphy, numerous attempts 
have been made by the radio companies to handle commercial 
business in competition with the land telegraph and cable 
companies. When there has been any effort at active competition 
on the part of the wire companies, these attempts have invariably 
failed. In a few isolated places where wire service was im- 
practicable, radio stations have been in operation for several 
years and have given a suitable return on the original investment. 
But it is safe to say that until the introduction of the present 
efficient type of radio duplexes, competition from the radio 
companies was not looked upon seriously by the wire companies. 

Perhaps if the failure of the radio companies were investigated 
it would be found to be chiefly à matter of lack of business 
planning. Most of the half-hearted attempts at competition 
that have heretofore been made by the radio companies in this 
field have been carried out with an absolute disregard of expense 
of operation. Competition to be successful must be founded on 
a sound economic basis, and with due regard to the operating 
expenses in comparison with those of other companies in the 
same field. 

Facilities for furnishing reliable and efficient service at a 
reasonable cost have been lacking in the radio field in the past. 
Radio stations, for the most part, have been located in inacces- 
sible parts of the cities they were supposed to serve. In some 
cases, they have been several miles out of the city, which neces- 
sitated the relaving of messages over a telegraph or telephone 
wire, with consequent loss of time, liability to error, and duplica- 
tion of personnel. 

On the radio circuit, the receiver was unable to “ЪгеаК” 
(i. e., interrupt) the sender, and numerous corrections were 

* Received by the Editor, May 1, 1917. This paper was written prior to 
April 1, 1917. 
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necessary, caused by unreliable apparatus, atmospheric strays, 
interference, and other causes. When the sender had finished, 
it was necessary some times for the receiver practically to 
skeletonize some messages back to the sending station, in order 
to secure the scattered missing words from his copy. This 
resulted in a very ragged looking copy unfit to be delivered 
directly to a customer, and generally necessitated recopying—a 
very dangerous practice from the standpoint of accuracy. More- 
over, because of the fact that the radio operator has had no 
means of knowing when he was being called by another station 
except when wearing the telephones, he has been under the 
necessity of keeping the head set on constantly or of making 
“dates” or appointments with the distant stations. Neither of 
these methods has proven entirely satisfactory from the stand- 
point of efficiency. 

The constant wearing of heavy, tightly fitting head telephone 
receivers is distinctly detrimental to the health and efficiency | 
of the operator. Besides the danger of ear infection, there is 
also the liability to other head troubles arising from the constant 
pressure and strain involved in this method of reception. Further- 
more, an operator wearing head receivers is limited by the 
length of his telephone cords in performing the other necessary 
duties of a telegraph office. These duties, in a small office, 
would include waiting on customers, supervising delivery of 
messages, and attending to the telephone. 

Another disadvantage to the radio companies has been the 
lack of a sufficient number of feeder stations to supply the main 
trunk circuits. The leading wire companies have offices in 
practically every town and village, and the greater portion of the 
traffic which is handled on the trunk lines between the larger 
cities is relayed from the smaller towns. The radio companies 
have usually contented themselves with the establishment of 
stations in some of the larger cities, handling only the business 
originating at those points. It is manifestly impossible for one 
company to secure all the business originating in any one city 
where there are other companies in competition, and it naturally 
follows that a network of stations should be operated in order 
to keep the main trunks working to their full eapacity. 

Lack of efficient organization and thoro training of employees 
has, in some cases, proven a great detriment to the development 
of radio in this field. Because of the use of different telegraph 
codes by the wire companies and the radio companies in the 
United States, a nuniber of expert Morse telegraphers, who might 
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otherwise have been available for radio work, have remained with 
the wire companies. It is hard to train men in a new code in a 
limited time, and those who have developed into good tele- 
graphers were usually poor electricians, and vice versa. There 
has been a dearth of fast Continental code circuits in the United 
States for training operators in high speed work. 

All these factors have combined to work against the success 
of radio in the competitive field; and, coupled with the high 
cost of operation under these conditions, has invariably resulted 
in the elimination of the radio companies. 

With the recent introduction of greatly improved apparatus 
for both sending and receiving, it wou d seem that radio is in a 
fair way to compete with wire service in practically every depart- 
ment of the work, including the handling of fast press service. 
The art has lately advanced to a stage of fine tuning, minimum 
interference, and good results with an amount of power that 
would not have been thought possible a few years ago. 

Multiple radio circuits have been thoroly tried out for a 
year or more in regular commercial work, and have been found 
to be quite as efficient and reliable as the wire circuits. It has 
been demonstrated that messages can be copied directly on the 
typewriter at a station located in the heart of the city, without 
undue interference from nearby power and radio stations. The 
increase in traffic capacity of the circuits and the consequent 
lower cost of operation has made the future of radio look very 
promising. 

Experiments which are now being conducted, with a view to 
the elimination of head receivers and the substitution of audible 
deviees for receiving, have shown very good results where the 
received signals are of reasonable audibility. The great ad- 
vantage of such a receiving device would, of course, be for calling 
purposes, but its use in regular work would undoubtedly prove 
advantageous. With a reliable device of this kind, an operator 
would be available, when not actually receiving on one circuit, 
to listen in, or to receive on another circuit, and at all times be 
able to hear any other station which might call. Following the 
system of the wire companies in this respect, one operator could 
cover several circuits, where the amount of business on one 
circuit would not be sufficient to keep him busy. It would not 
be necessary to make “dates” with any station. Every station 
would secure practically uninterrupted service. 

From the results actually accomplished to date in radio work 
and in view of the improvements which are contemplated, a 
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fairly accurate estimate can be made as to the general organiza- 
tion and conducting of an ideal system of competitive radio 
telegraph service. Some of the most pressing needs of such a 
system will be outlined in this paper. 


MAIN TRUNKS 


Between the larger cities there should be established a suf- 
ficient number of radio duplexes to take care of all business 
offered, and to handle it with accuracy and despatch. For the 
purpose of this paper, these stations will be designated as ‘‘relay 
stations.” | 
' The distance by which these stations may be separated is of 
course dependent upon factors which would be different in 
different localities. Suffice it to say, that they must be able to 
carry on fast, reliable communication under all conditions. 


"WAY" CIRCUITS 


From each relay station there should be operated several 
local circuits, corresponding to the "way" wires of the wire 
companies. These way stations should be grouped together so 
that a certain number of them, depending on the business they 
handled, would send to the relay station on the same wave length. 
They should each be able to hear every other station in their 
group in order to prevent interference by simultaneous sending 
on the same wave. 


RELAY STATION 


At the relay stations all business would be handled at the 
receiving office, which should be located as near as possible to 
the telegraph center of the city which it served. This would be 
very necessary in order that the radio company might secure its 
just share of the available business, and in order to facilitate 
deliveries from the central location. 

The location should be chosen with a view to the erection of 
an antenna or antennas between two or more comparatively tall 
office buildings. The best results would probably be obtained by 
having the space between these buildings and around them 
comparatively free from obstruction, but this has not been found 
absolutely necessary in practice. A ground can be made to any 
convenient water pipe. Very good results in receiving have been 
obtained from this type of antenna and the expense of erection 
is slight. 
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The business office, where messages are accepted for trans- 
mission, should have a good ground floor frontage. The operating 
room should be located in close proximity to the business office, 
and communication between them should be maintained by a 
pneumatic tube or similar system. 

The operating tables and operators should be grouped to- 
gether as closely as possible, to facilitate the handling of relay 
messages. On all duplexes the sender should sit directly beside, 
or opposite the receiver, and should be provided with a single 
head telephone or other means of receiving his own “breaks” 
from the distant station. The sender should also be provided 
with some device to show that his signals are leaving the sending 
station properly. There are several ways of arranging a device 
of this kind, the simplest probably being the introduction of a 
separate receiving set tuned to the sending wave length. This 
provides the best possible check on the signals from the trans- 
mitting station and the action of the repeating key, and permits 
instant correction of faults in the transmitter, thereby minimizing 
the necessity for breaking. 

All receiving instruments should be easily adjustable from 
a sitting position. All variable condensers in the sets should 
be of small capacity, with long indicators moving in a large 
are, so that a maximum movement would be recorded for a 
moderate change in wave length, and the tuning thereby made 
finer. The points of maximum audibility should be plainly 
marked. | 

All control circuits leading to the transmitting station or 
stations should be available from each position, preferably by 
the use of telegraph jack and plug switches. 

An easy-running, visible-writingtypewriter should be provided 
for receiving, preferably with all capital letters and without a 
shift-key. Particular attention should be paid to all time-saving 
features. Devices for increasing the audibility of received signals 
should be installed as soon as they are found to be practicable 
for commercial work. 


TRANSMITTING STATIONS 


Transmitting stations should be located a sufficient distance 
from the receiving office to prevent undue interference. In 
practice two or three miles (3 to 5 km.) has been found to be 
sufficient. Normally no receiving should be done at the trans- 
mitting station, the whole power output and the regulation of 
wave lengths being under control of the receiving operator. A 
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wave changing switch with a sufficient number of points for all 
necessary changes of wave length should be provided, and these 
wave lengths should correspond exactly with those of any 
other transmitting stations in the same city. In case of the 
failure of one station, another could then be immediately put on 
the desired wave length and transmission resumed without delay. 
Some signal checking device should be provided with the 
regular equipment at all transmitting stations, which would 
allow the operator in charge greater freedom for making repairs 
and attending to other necessary duties about the station. 
A sparking wavemeter, coupled to the transmitter helix, and 
consisting of an inductance and a variable condenser tuned to 
the sending wave length, gives very good results for this purpose. 
Sparking takes place between the condenser plates, furnishing 
signals which are audible as long as the set is operating perfectly. 
The sound may be re-enforced by placing the condenser in a 
resonator. 
In all cases where the power is used intermittently, a consider- 
able saving could be effected by providing distant control of 
the power source. 


Way STATIONS 


Way stations, for the most part, should be established in the 
smaller towns in the vicinity of the relay stations. Normally, 
they would transmit their business to the nearest relay station, 
excepting that which was destined to stations in their own group. 

In practice it has been found that altho it is possible for the 
way station to send its messages directly to its destination, time 
may be saved by relaying it; for by so routing it work over trunk 
circuits goes on uninterruptedly. 

The duplexing of such stations would hardly pay at present, 
involving, as it does, the erection of one station for sending 
and one for receiving, with consequent additional cost for main- 
tenance and operation. These circuits would, in effect, be in 
multiple at the relay station; and the way station (where one 
man would act as operator and manager) would be able to 
"break" at any time to answer the telephone, wait on the counter 
or attend to other duties. With late types of reliable receiving 
instruments there should be very little necessity for “breaking” 
at the relay station. At these the operator would have no 
outside duties to perform. 

In a way station, the complete sending and receiving equip- 
ment should be located in a ground floor office, near the center 
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of the business district, in at least as good a location as that of 
the competing telegraph companies. In all cases the necessary 
motor generator set should be started and stopped from the 
operating table by a remote control. A wave changer should 
be installed within easy reaching distance, as should the rest 
of the set. А fast repeating (relay) key should be provided, 
operated by a small Morse key. А sparking wavemeter should 
be provided to show that the station was radiating properly. 

In the receiving set several pairs of condensers and inductances 
should be provided, each pair tuned to a certain wave length, 
and any set instantly available by throwing a single switch. 
If it were desired to receive on any other than the regular wave 
length, it would only be necessary to throw one switch, which 
should be wired up to include the necessary inductance and 
capacity for the desired wave length. This would save the 
valuable time lost in tuning for the different wave. 

The change from sending to receiving positions should all be 
done in one switch. The other arrangements should be practically 
the same as for a relay station. 


OPERATION 


In the operation of this system, the way station, before 
proceeding to call the relay station, would listen in on the 
regular wave length which had been allotted to its group. If 
that circuit were busy, the operator would listen on each of the 
other wave lengths until he found one which was not being used. 
He would then proceed to call the relay station, which would 
be provided with a receiving set attuned to that wave length. 
Upon receiving a reply he would proceed to send his business 
upon the idle wave length or upon any other which the relay 
station might designate. With two or three wave lengths 
allotted to each way station, and these tuned in and covered at 
the relay station, there should be very little delay on account 
of the circuits being in use by other stations. These circuits 
might be designated as “А,” "B," “С,” ete., to facilitate quick 
change from one to another. 

The relay station normally would call a way station on one 
partieular wave length and then arrange for transmission on 
another if the regular wave length were busy. 

For intercommunication between two way stations, the call 
would be made on the regular wave length, and transmission 
effected on one of the auxiliary wave lengths in order to keep the 
regular wave length clear for calling purposes. 
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OPERATING DETAILS 


In the handling of this class of business the methods of the 
American telegraph companies should be followed as closely as 
possible consistent with proper observance of the rules governing 
radio communication. The results arrived at by wire companies 
in the way of improving the working capacity of a circuit are 
. based upon years of experience and probably represent the highest 
efficiency obtainable in this regard. It has been proven in 
actual work that the elimination of unnecessary prefixes and 
other superfluous characters has been a big factor in increasing 
the capacity of telegraph circuits. 

Automatie, high speed work in radio telegraphy at the present 
time is dependent upon unusually good atmospheric conditions. 
While some very good results have been obtained in this line at 
times, the system on the whole is costly and occasions delays 
which show up badly in comparison with the fast service of the 
wire companies. А burst of strays lasting only a fraction of a 
second is sufficient to obliterate à whole word or more of the 
high speed signals; whereas an experienced operator, copying 
at the regular rate of speed, would probably be able to fill in 
the one or two missing letters which a discharge of the same 
duration of time would cover. Even among the wire companies, 
the manual system is still recognized as the more reliable for all 
around work. 

The capacity of the circuit, then, depends to a great extent 
on the skill of the operators employed. There is room for con- 
siderable improvement in this portion of radio work in order to 
equal the work done by the fast wire operators. 


OPERATORS 


While ability for fast sending in an operator is desirable, 
` it must be combined with other qualities. Good judgment, cool- 
headedness and ability to read poor copy are just as necessary 
qualifications in sending as high speed. Generally speaking, a 
medium-speed, methodical sender, watching his copy closely, 
eliminating all unnecessary characters, calling attention to mis- 
spelled words, avoiding “combinations,” and taking especial 
care in the transmission of code or unusual words, will make 
better time than the fast, erratie sender. Automatic trans- 
mitters, sending purely mechanical signals, have not proven 
entirely satisfactory for manual reception on account of the 
sameness of speed which does not allow for the unusual words. 
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However, the proportion of rapid hand senders among tele- 
graphers is very small, and a hand sender may find his efficiency 
impaired at any time by operator’s paralysis. An instrument 
called a "sending machine" is being widely used by telegraphers, 
both wire and radio at the present time. This is an ingenious 
instrument which works with a side motion, the lever on one 
side making contact for the dashes, and on the other side starting 
a mechanical vibrator which makes dots as long as the key is 
held over. The characters are formed by combining the action 
of the two. It can readily be seen that there is a great saving in 
labor when using such a device, and its use practically eliminates 
paralysis. It is operated with one hand, leaving the other free 
for marking off and sorting messages. Properly adjusted, a 
sending machine permits of faster sending and better spacing, 
in the hands of the average operator, and it will carry thru on 
any circuit where fast hand sending will carry. 

"Combination" sending is a very common fault among tele- 
graphers and one that should be assiduously guarded against. 
This is improper timing of the dots, dashes, and spacing. This 
spoils the whole time rhythm, and the receiving operator has 
the same difficulty in reading the signals as is usually experienced 
in listening to a stuttering person over a telephone line. Usually 
the sender is unaware of this fault and imagines he is sending 
perfect signals. Probably the best method of showing an operator 
his failings in this respect is to take phonographic records of his 
sending and compare them with signals which are correctly timed. 

Among the commercial operators of the United States, a 
knowledge of the Phillips Code of abbreviations is coming to be 
generally recognized as part of an operator’s education. This 
is a system of abbreviations embracing a large proportion of the 
most frequently used words of the English language, with a 
complete system of punctuations. It is based on a very com- 
prehensive plan and follows set rules for terminations. The 
abbreviations are nearly all suggestive of the word which they 
represent, and are therefore not difficult to memorize. 

In practice, the sender simply sends the correct abbreviation 
for a word, and the receiver spells it out in full and writes it 
down. Using a typewriter, this is comparatively easy, as the 
Speed of the average typewriter operator is about double that 
of the fastest sender. This code is used by all American press 
and brokers’ telegraphers, and enables them almost to double 
their speed. It is also used considerably on the fast commercial 
wires, and at all times when press 1s being handled. Knowledge 
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of it is always a help to an operator, if only for the accuracy it 
gives in conversation in connection with the handling of business. 
It is obvious that if abbreviations are to be used, a regular 
system should be followed. 

The International List of Radio Abbreviations, while forming 
a handy medium for carrying on a conversation between operators 
using different languages, is not sufficiently expressive to cover 
all conditions encountered in telegraph work. Moreover, it is 
an arbitrary code, not easy to memorize. In the Phillips Code, 
there are no two abbreviations alike, and if both operators have 
a good understanding of the code, there is very little liability 
to error. 

A radio duplex, like a wire duplex, is as good as two separate 
circuits, as long as the number of 'breaks" is reduced to a 
minimum. Therefore both sender and receiver should endeavor 
to avoid breaks as much as possible. This can only be done by 
complete co-operation and first class work on the part of each 
operator. One inefficient man on a duplex can practically nullify 
the work of the other three. 

To the training in this work, and to the general training 
in concentration, discrimination, and mechanical skill, which 
only years of experience can give, is due mainly the success in 
fast radio work of the ex-wire operators who have mastered the 
Continental code and the necessary technical knowledge. It is 
admitted among wire telegraphers that it takes on an average 
of two years or more of all-around experience on the fastest 
circuits to produce a really first class operator. Even then 
there are failures, as in every line of endeavor. The equivalent 
experience on fast radio circuits should give just as good results. 

It is obvious that a radio operator must have a good technical 
knowledge of his apparatus to get the best results. While this 
knowledge might be subordinated slightly to telegraphic ability 
in a large office where other expert. technical men were available, 
the knowledge would at all times prove a big asset. í 


With such an equipment and organization it would seem that 
a radio company would be in a position to compete successfully 
with the wire companies in every line of the work. The cost of 
operation for results achieved should run as low as or lower 
than that of the wire companies, with their heavy upkeep and 
right of way costs. The facilities of the radio would, in some 
ways, be superior to the wire telegraph; and the occasional 
severe atmospheric difficulties of the radio would be counter- 
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balanced by the occasional total prostration of the wire telegraph 
during floods, sleet storms, and the like. In addition, districts 
could be served where wire service is impracticable because of 
the physical difficulties which prevent proper maintenance of 
telegraph lines. 

A chain of stations of this type, backed by an efficient organiza- 
tion of employes, would be a valuable asset to the nation and 
to the districts it served in the event of wire prostration, or 
national disaster. On this account, it would seem that it would 
be sound policy for the National Government to encourage and 
facilitate in every way the extension and operation of such 
a system. 

Probably the nearest approach to the ideal conditions outlined 
above is furnished by the chain of stations operated by the 
Federal Telegraph Company on the Pacific Coast. This includes 
the Los Angeles-San Francisco duplex, and the San Francisco- 
Portland duplex, and one way “break” systems between Los 
Angeles and San Diego; Los Angeles and Phoenix, Arizona; 
and San Francisco and Honolulu. * 

The Los Angeles-San Francisco duplex, having been in 
operation for a period of nearly two years, is probably the best 
known, and will be described here. 


Los ANGELES OFFICE 


The equipment at the down-town receiving office at Los 
Angeles consists of two of the latest type sustained wave receiving 
sets, one normally tuned to receive San Francisco on a wave 
length of 3,500 meters, and the other normally tuned to receive 
San Diego and Phoenix on 2,750 meters. The San Diego- 
Phoenix set can instantly be put in service for receiving damped 
waves on 600 meters by throwing a single switch. 

The antenna for receiving San Francisco is composed of threc 
wires, each 320 feet (100 m.) long, suspended between two 
office buildings at an average height of 175 feet (53 m.). The 
San Diego-Phoenix antenna is composed of a single wire, running 
almost parallel to the San Francisco antenna, and of slightly 
greater length. No towers are used to suspend these antennas. 
They are simply swung between the two buildings at the level 
` *(The distance from Los Angeles to San Francisco is 390 miles, or 625 
km.; from San Francisco to Portland, 550 miles, or SSO km.; from Los An- 
geles to San Diego, 94 miles, or 150 km.; from Los Angeles to Phoenix, 480 


miles, or 770 km., and from San Francisco to Honolulu, 2,080 miles, or 3,340 
km.— EDITOR.) 


401 


of the roof. Either of these antennas can be used separately 
for receiving multiplex, making the use of four or more receiving 
sets practicable. 

The operating room is on an open balcony, running across 
the rear of the main receiving office, which occupies a store front 
in the center of the city. It is subject to the ordinary noises 
of the street, but this causes no interference with the received 
signals, which are ordinarily strong and clear enough to be read 
under all conditions. 

The operating table runs across the front of the balcony and 
is 12 feet (3.1 m.) long, wings on each end supporting the receiving 
sets. Pockets are provided at each end of the table for type- 
writers. Two visible-writing typewriters are used for receiving, 
and are so located that all tuning can be done while sitting 
in front of them. The sending operators sit directly beside the 
receiving operators. Keys operating the control circuits which 
run to the two transmitting-stations are available from all 
sending and receiving positions. Telegraph sounders and 
resonators are provided for the sending operators. А single 
telephone receiver, on an extension arm, and in series with the 
receiving phones of the San Francisco board, is provided for the 
sending operator on that circuit so that he may listen to San 
Francisco's “breaks.” 

All induction from telegraph control circuits has been elimi- 
nated by the placing of condensers of one microfarad capacity 
across the line, and the induction from the automatic telephone 
call system on the main floor has been nullified by the placing 
of resistance-coils in the telephone ground lead. 

All messages, as they are received from the distant stations, 
are copied directly, in duplicate, on the typewriter, and dropped 
into a chute (conveniently located beside the receiving operator), 
which deposits them on the delivery desk on the main floor. 
Outgoing messages are delivered on the operating table on the 
balcony, by a device similar to the trolley systems used in 
department stores. In the handling of relay messages, it is 
simply a matter of one operator handing them to another. 

Two transmitting stations are controlled from this office and 
are practically duplicates of each other, in so far as power and 
equipment are concerned, and are three and five miles (5 and 8 
km.) from the downtown receiving office. Each transmitting 
station is equipped with a 12 kilowatt Poulsen are converter, 
altho normally less than half of this amount of power is used. 
Both are arranged for transmitting upon several wave lengths, 
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the corresponding waves at the two stations being of exactly 
the same length, so that in case of the failure of one the other 
may be immediately put on the wave length being used, and 
transmission resumed without delay. This permits of one 
station being operated singly on holidays, ete., when there is not 
sufficient business to warrant keeping two stations in operation. 

Normally one station is used for transmitting to San Francisco 
on a wave length of 3,250 meters, while the other, on a wave 
length of 3,750 meters, is used for transmitting to San Diego, 
Phoenix, and the steamships equipped with Federal apparatus, 
on the Pacific (which constitute a fair sized fleet). Other wave 
lengths are available for a second sending circuit to San Francisco 
when business warrants. All the company's sending stations 
are equipped for sending and receiving on the sustained waves 
of the Poulsen system. In sending on 600 meters, a “сһоррег” 
is used in series with the antenna. "This furnishes a very pure 
musical note, at a frequency of about 500 cycles. The damped 
wave receivers can be instantly cut in for short wave work. 
Each station is in charge of a first-grade commercial radio 
operator. These operators are available for duty at the receiving 
offices when required, and the operators at the receiving offices 
are available for duty as arc operators at the transmitting sta- 
tions. Considerable flexibility in working staff is obtained thru 
this arrangement. 

San Diego and Phoenix normally transmit to Los Angeles 
on the same wave length, so that no tuning is required to hear 
either of these stations at any time. In addition, these stations 
have an auxiliary wave length exactly corresponding to that 
used by San Francisco, so that they can call Los Angeles on the 
San Francisco receiving set, or they can use that as a regular 
wave length when only one man is on duty at the Los Angeles 
office. During the busy part of the day three, and sometimes 
four, men are on duty at the Los Angeles office. 


SAN FRANCISCO OFFICE 


The receiving office at San Francisco is located on the eighth 
floor of a twenty-story building, and is provided with two 
receiving antennas of the same type as those at Los Angeles. 
One of these antennas is used for receiving Honolulu and the 
ships and the other is used for receiving Los Angeles and Portland 
simultaneously, providing quadruplex receiving. Two trans- 
mitting stations are controlled from this office one of these being 
a duplicate of the two Los Angeles stations; and the other at 


403 


South San Francisco, has two transmitters and two antennas, 
providing triplex sending. 

Honolulu, as well as Los Angeles and Portland, is copied 
directly on a typewriter at the San Francisco receiving office 
and the copies as they are received are dispatched to the delivery 
department on the first floor thru a pneumatic tube. 

At the San Francisco receiving office five or six men are on 
duty at all times during the day, working side by side, and 
handling heavy traffic, without interference. Moreover, the 
San Francisco office is in the center of the interference zone of the 
Pacific Coast, there being five high power stations in the im- 
mediate vicinity. 

The work with Honolulu has been carried on far about five 
vears and has been very satisfactory. A regular commercial 
service has been maintained and most of the news service carried 
by the Honolulu papers has been handled by the Federal Tele- 
graph Company. The Honolulu end of this circuit will be 
duplexed in the near future to take care of increasing business. 

A fast duplex service is maintained with Portland, the second 
antenna at the South San Francisco transmitting station being 
used for this purpose. It was found necessary at this station to 
use two antennas very nearly at right angles to each other, 
and two ares for transmitting on two wave lengths simultanc- 
ously. There is no noticeable interference between transmitters 
and receivers at any of the stations. 

Only one man is required at San Diego and Phoenix, re- 
spectively. This man acts as operator and manager. He is 
always able, when receiving from Los Angeles, to “break” that 
station when it is necessary to answer the telephone, wait on a 
customer, or attend to other duties. The stations in each case 
are located near the center of the cities they serve. 

In operation of all circuits the methods of the wire companies 
have been followed to a great extent. Ex-wire operators are 
employed quite generally, and the operating officials are also 
ex-wire men. In the operation of the duplex circuits, the two 
stations are tuned in at the opening hour in the morning, after 
which there is no stop for tuning or calling. All business as it 
is filed is transmitted immediately. When it is necessary to 
"break," the sender 15 requested to re-transmit all material after 
the last word received, so that the receiver is able to fill in the 
missing words before proceeding, and to turn out a complete 
message ready for immediate delivery. 

For transmitting purposes, the sending machines described 
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previously in this paper are used with few exceptions, and the 
speed of the circuits compares favorably with that of the fast 
wire circuits. 

A simple form of amplifier for copying signals without theneces- 
sity for wearing head telephones has proven quite successful at Los 
Angeles in copying San Francisco in regular commercial work. 

The Federal Telegraph Company is in active competition 
with the wire telegraph companies on the Pacific Coast, furnishing 
a fast reliable telegraph service thruout the entire year. Busi- 
ness is increasing daily and improvements are contemplated 
which will still further improve the service and the scope of the 
work. The circuits operated and the approximate distances 
covered are shown in Figure 1. А table showing the wave lengths 
used simultaneously without interference is shown in Table 1. 
This table does not show the actual degree of close tuning pos- 
sible as these waves were necessarily arranged to prevent inter- 
ference with other than Federal Telegraph Company stations. 


TABLE 1 


SIMULTANEOUS TRANSMISSION 


| 


'Transmits Receives 
| 4 (Meters) 4 (Meters) 
| 


3,500 
10,000 


| 7,500 | 


3,290 
10,500 | 
8,000 


San Francisco. ... 


3,500 | 
2,750 | 


7,500 - 


Los Angeles 


Portland 8,000 


10,500 | 


Honolulu. ....... 
San Diego 
Phoenix......... 


* Does not receive while sending. 


AND RECEPTION 


Distance іп | 
Miles Be- 
ween Trans- 
mitters and 
Receivers 


Transmitter 
Power in 
Killowatts 


— ee 


5 
Tİ 
71 


o 
3 


T Same transmitting station using two transmitting sets, and with two an- - 


tennas employed. 
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The chief factor of success has been the ability to furnish 
clear, reliable signals for receiving, with a minimum expenditure 
of transmitted power, and with consequent low cost of operation. 
Good working conditions for employees, and the introduction 
of the latest time-saving features have also proven big factors in 
efficiency. Flexibility in power control and wave length regula- 
tion and the sharp tuning have assisted materially. 

In the work of these stations, the matter of interference 
from extraneous noises has been shown to be more of a psycho- 
logical than a material difficulty. An operator, trained to 
receive with outside disturbances present, listens only to the 
signals he wishes to copy, regardless of the fact that other noises 
around him may be considerably louder. Soundproof compart- 
ments for receiving have been demonstrated to be entirely 
unnecessary in this work. 

The great value of the duplex system over the old style 
simplex station for high speed, direct work, has been the most 
striking feature. With the results of this work in view, the 
erection of simplex stations in the future, to handle any con- 
siderable amount of business, would seem to be an economic 
waste. In comparison: a duplex radio circuit would seem to 
excel a simplex non-break installation in the proportion of 
about 3 to 1. 


SUMMARY: After considering some of the obstacles in the way of success- 
ful competition of overland radio service versus wire service, the author 
treats the mode of overcoming these difficulties. He recommends also radio 
duplex circuits; reception with loud-speaking receivers and amplifiers; trunk 
and way circuits from large radio centers of traffic; and relaying stations. 
The organization and operation of the Pacific coast chain of duplex radio 
stations of the Federal Telegraph Company is hen described in detail. 
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A SPECIAL TYPE OF QUENCHED SPARK RADIO 
TRANSMITTER* 


By 
D. GALEN McCaa 


(RESEARCH ENGINEER, JOHN FIRTH, NEw York City) 


The transmitter to be described consists partly of a special 
arrangement of the conductors forming the antenna; the structure 
presenting other circuits in conjunction with the usual open 
radiating circuit. 

The entire transmitter is represented in Figure 1. 


FIGURE 1 


A number of horizontal and vertical wires, A, forming a 
"T" or an "L" type antenna, have alternating between and 
insulated from them a like number of wires, B; the wires of each 


-— =, 


* Received by the Editor, October 15, 1918, 
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group being connected in parallel, and connections from each 
group being led to the instruments; which consist of a quenched 
gap, G, two inductance coils Lı and Le, a transformer T, a key 
K, and an alternator D. The earth connection is made thru 
the inductance / and ammeter M. 

Three oscillatory circuits are formed by this structure—first : 
the conductors A, gap G, inductance Le, and earth E, which 
form an open circuit oscillator; second: the conductors A, gap 
G, inductance Lı, and the conductors B, which form a partially 
closed cireuit oscillator; third: the conductors B, inductances 
Li and Le, and the earth E, which form an open circuit oscillator. 

The gap is common to the circuits А, G, Le, E and А, G, Гл, 
B. These circuits are, therefore, the primary oscillatory systems 
and supply energy to the structure B, Li, Le, E which is the radia- 
ting system. 

The capacity available is determined by the capacity of the 
conductors A to earth, which is markedly increased by the 
proximitv of the earthed conductors B, and by the capacity 
found between the group of conductors A and the group B. 
These two capacities are charged in parallel. It may be noted 
here that the conductors B serve the following purposes: first, 
augment the capacity of the conductors A; second, form a 
primary oscillator in conjunction with the conductors A, and 
third, become the capacity of an open circuit oscillator. 

The primary circuit A, G, Le, E, is coupled to the radiating 
circuit B, Li, Le, E by the inductance Ls. This coupling is 
varied by the inductance Li. The primary circuit А, CG, Li, B 
is coupled to the radiating circuit B, Li, Ls, E by the inductance 
Li. This coupling is varied by the inductance L;. The circuits 
are closely coupled, for in addition to the electromagnetic coup- 
lings, a capacitive coupling exists between the conductors 
A and B. 

Owing to the antenna structure employed. and the close 
couplings presented it is imperative that the primary discharges 
be highly damped. With a single stationary zine spark gap, 
there will be found two sets of coupling oscillations in the cir- 
cult B, Lı, Ls. E, and the structure A remains a part of the radiating 
system during the primary discharge, and it will Бе carrying 
current opposite in direction to the strueture B. The effect 
will be similar to that found in a loop antenna. 

The close and fixed couplings do not lend theniselves readily 
to the use of true quenched gap effects, where the quenching 
is partly determined by the reaction of the secondary current. 


о 
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In order that there shall be no effectual radiation from the two 
primary circuits, the energy of the primary oscillations must be 
quickly transferred to the secondary system and the gap must 
become an open circuit after the first few oscillations. This 
result is obtained by employing a very high group frequency of 
highly damped primary discharges. 

With the usual closed circuit primary oscillator consisting 
of a quenched gap, condenser, and inductance, it is possible 
to obtain group frequencies of forty-thousand discharges per 
second, the number depending upon the design of the oscillator 
and its relation to the supply system. The damping of the 
oscillations in such a system is determined by the supply cur- 
rent, the design of the gap, and the constants of the primary 
oscillator. The higher the group frequency the greater will be 
the decrement of each primary discharge; and with the group 
frequencies actually employed a type of impulse excitation results. 

Discharges of this type will occur in a primary oscillatory 
circuit when it is not coupled to a secondary circuit. The 
reaction of a secondary system is, therefore, not required as in 
true quenched gap operation. 

Figure 2 is a photographic record of the discharges in an 
oscillator designed to produce high group frequencies, and shows 
the discharges that occur during the time period of one alterna- 
tion; the discharge frequency is approximately thirty-five- 
thousand per second along the crest of the alternating current 
wave. 


Lr 


FIGURE 2 


Measuring the logarithmic decrement of the oscillations 
in the primary system will not indicate the number of cycles 
in each discharge as the gap decrement is linear (and can be 
determined by oscillograph records). 

While ideal impulse excitation—a simple rise and fall of 
current—may not be present, a very close approximation is 
attained as is indicated by the fact that secondary ampere- 
wave length curves are almost flat. 

With primary discharges as described, the gap is quickly 
rendered an open circuit, the primary systems А, G, Lo, E and 
A, С, Іл, B cease to exist as such, and the secondary system 
B, Іл, Lx, Е is left free to oscillate at its own natural period and 
with a decrement determined solely by its constants. 

The secondary oscillations, when high group frequencies are 
employed, are continuous tho not undamped. This is conse- 
quent upon the decrement of the antenna oscillations and the 
group frequencies. With a low decrement and high group 
frequency, the antenna will receive a second impulse before its 
oscillations have materially declined. It is probable that the 
electromotive forces impressed on the gap by the secondary 
current "trigger" it off when adding to the supply electromotive 
force, and the resultant discharge in the primary is then in phase 
with the antenna oscillations. 

The adjustments of the inductances L, and La for maximum 
radiation, as indicated in the ammeter M, are not critical owing 
to the type of impulse excitation employed; and, while a maxi- 
mum can be found, it exists thruout broad adjustments of the 
inductances. If, with the inductances adjusted for maximum 
radiation, the system is analyzed by wave length measurements, 
leaving the inductance values fixed, the primary circuit A, G, 
L, E will present a shorter wave length and the primary circuit 
A, С, Lı, B will present a longer wave length than the wave 
radiated by B, Li, L;, E. The wave radiated is determined by 
the capacity of the conductors B to earth and the inductance 
values of Г, and L;; on inserting a spark gap in this structure 
and exciting .it as a primary oscillator, substantially the same 
wave length is found. 

The dissonance between the primary systems and the radia- 
ting antenna has been found to be as high as 20 per cent, the 
exact value varying with the group frequency employed. This 
is far in excess of the 2 per cent dissonance found in true quenched 
gap action. 

Figure 3 presents the resonance curves obtained in one case. 
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The curve A was read from Ls when the primary circuit A, G, 
L, E was excited alone, the conductors B being grounded inde- 
pendently. Тһе curve C was read from Lı when the primary 
circuit A, С, Lı, B was excited alone, the ground lead and Ls 
being removed. The curve B was read from the inductance 
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FIGURE 3 


L when both primary circuits were exciting the circuit B, Ly, 
L, E; and is the wave radiated. The wave lengths in this case 
were 745 meters for A, 940 meters for B, and 1,100 for C. It 
may be of interest to note that the curve B shows no evidence 
of the oscillations of the primary circuit A, G, La, E when read 
from Ls, and a curve read from Lı shows the same symmetry, 
there being no evidence of the oscillations of the primary circuit 
A, G, Lı, B. 

By placing a single turn coil in the conductor A immediately 
above the gap, both the primary wave lengths can be found. 
They, therefore, exist in Lı and L5, but are overshadowed by 
the more powerful oscillations of the antenna. 

It will be noted that the ammeter is so placed as to be not 
only in the radiating antenna, but also in the primary circuit 
A, G, L;, E. If the ammeter is placed immediately below the 
inductance Lı, the reading will be the same as if placed imme- 
diately above L. The values of the primary currents are 
usually different, and if the primary value is added to the true 
antenna current, different readings would be expected, dependent 
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on whether the ammeter is placed in one primary or in the other. 

The dissonance found in this system is not consequent upon 
the arrangement of the circuits, but the circuits are operative 
because of the dissonance. 

Between a single primary oscillator made up of a condenser, 
quenched gap, and inductance so designed as to produce high 
group frequency, and an antenna, the same dissonance effect 
has been found. That the structure is operative owing to the 
dissonance will be apparent from a consideration of Figure 4. 


FIGURE 4 


Consider the svstem charged as indicated by the symbols. 
It will be apparent that the first alternation of the discharge will 
flow thru the inductance as indicated by the arrows. The 
magnetic fields established in these auto transformers will be 
opposed to each other and if the currents were in phase and of 
equal amplitude the final result in the antennas would be zero. 
Cases have been observed where the three circuits were of the 
same period and the svstem was practically inoperative. With 
a large difference between the frequencies of the two primary 
systems, there is less opposition between the two auto trans- 
formers, and owing to the impulse excitation, the primaries 
are capable of exciting an antenna not in resonance with them, 
but one the period of which lies between the periods of the 
primaries. 
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Attempts have been made to reduce the phenomena in an 
artificial antenna or phantom circuit, but the results were not 
the same as found in the aerial structure. 


SUMMARY: А quenched spark transmitter is so arranged that the capacity 
in the highly damped primary circuit is that between a special extra antenna 
and ground, and the primary and secondary circuits are partly inductively 
coupled thru a common inductance in the ground lead and partly capacitively 
coupled by the capacity between the special antenna and the usual secondary 
or radiating antenna. 

Quenching effects and normal mono-wave radiation are secured. Experi- 
ments are described and an oscillogram shown whereby the group frequency 
and radiation characteristics are indicated. 


ON THE MULTI-SECTION QUENCHED GAP* 


By 
M. SHULEIKIN 


(LECTURER IN ELECTRICAL ENGINEERING, POLYTECHNIC INSTITUTE, PETRO- 
GRAD, RUSSIA) 


AND 


I. FREIMAN 


(LECTURER IN ELECTRICAL AND RaDlo ENGINEERING AND DIRECTOR OF 
THE RADIO LABORATORY, ELECTROTECHNICAL INSTITUTE, 
PETROGRAD, RUSSIA) 


It is well known that very short spark gaps (about 0.2 mm 
or 0.008 inches in length) possess the valuable property of causing 
quenching of a spark discharge. On the other hand, such gaps 
have a low breakdown voltage, of the order of 800 or 900 volts. 
This defect as regards ease of manipulation can be readily 
overcome by connecting a number of short gap sections in series. 
We thus obtain a multi-section quenched gap possessing the 
property of quenching because of the characteristic of the sepa- 
rate sections, and yet having a breakdown voltage which can be 
varied within wide limits by a suitable choice of the number 
of sections employed. 

It is usually agreed that the total voltage required for a 
multi-section quenched gap is directly proportional to the 
number of sections, and that, therefore, by increasing the num- 
ber of gaps, the discharge potential may be increased to any 
desired extent. In the following discussion, it will be shown 
that such an assumption is not correct, and that there exists 
an upper limit of voltage which cannot be exceeded by further 
addition of new gap sections to the series. The cause of this 
limitation lies in the uneven distribution of potential or poten- 
tial gradient along the series of gaps. 

Let us consider, for example, a quenched spark gap of the 
Telefunken type, consisting of fairly large, circular, metallic 
plates separated by thin insulating rings, and with a voltage 


* Received by the Editor, September 5, 1918. 
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across the total gap of V = P,— P., before the gap has broken 
down. as indicated in Figure 1. 


© è è è э o o 
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FIGURE 1 


If we neglect the induction current due to imperfect insula- 
tion, we know that the total current between the plates due 
exclusively to variation of dielectric displacement is 


It is clear that the total electric flux starting say from plate 
(n—1) does not exclusively enter the following plate, (n). Some 
of the lines of induction will pass directly to the oppositely 
: charged end of the series of gaps, or will pass thru neighboring 
conductors to the earth, and so on. There is thus a certain 
` leakage of the dielectric displacement current and if we denote 
the current entering the plate n, and, therefore, starting from 
it, by Z., and the leakage current from this plate by 7, we will 
have for current entering the plate n+1, the value 

1+ = In tn (1) 
. This current ean. be expressed in terms of the voltage between 
the plates as follows: 
I, 41-7 (Pa Pa)oC (2) 
I, 2 (P,— Р,_1) о C (3) 
where w signifies the angular velocity or 2zf, C the capacity 
. of the condenser formed by the two adjacent. plates, апа Р, 41, 
Pa Pa- . . . . , the potential of the corresponding plates. 
We сап write a similar expression for the current I,: 
к= (P,—P.) с) С 
or putting P,=0, 
[Ж = MC P (4) 
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where by c we understand the capacity of the plate with respect 
to the earth, to leads, and all other neighboring conductors 
except the next plates. 

From (1), considering (2), (3), and (4), we have 


г Р,=Р,41=2Р,+Р,_| (5) 
The solution of this equation can Бе put in the form of 
P, =A 2” (6) 
For Р, зу and P,_, we then obtain 
P = А tae A at" (6’) 
Р, =A stent ot (6”) 
By substitution we get from (5): 
82.7 (07—071) (2а >) (7^) 
( 2 


Putting ack, we obtain 


a 
sinh 255 j WA (7) 
As the solution of (5) can also be put into the form Р, =B е °", 
we may write the more general expression for the potential 
of the n-th plate, P,, namely: 
P,=A e" LB gman (8) 


The constants A and B depend upon the values of P, and 
P,, these latter being the values of the potentials at the ends 
of the series of gaps. 

In radio practice, two different cases may arise (of which 
the first is): 

P,=0; Pe) pass 
ла; being the voltage produced by the transformer when the 
spark circuit is directly coupled to the antenna; and (for the 
second ease): 
P, rer; ps 4? of 

when the coupling to the antenna is inductive, since in this case 
the neutral point of the transformer is usually connected to 
ground. 

In the first case we have for the first of the series of gaps, 
where n —0, 

A --B 20; 
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and therefore 
A=-—B, 


while at the end of the series of gaps, where n=z 
A +В etA Сы = V maz 


ЬІ 


and therefore 
M nas "E V wae . 
g£* —cg7**  2sinhaz 


Substituting these values of the expression for the potential 
of the n-th plate, we get 


. Sinhan 
Pc V max cL... (9) 


sinhaz 
which expresses the law governing the distribution of potential 


along the series of plates of the gap. 
This potential distribution is shown graphically in Figure 2. 
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From this, we note that the voltage applied to each gap of the 
series is by no means the same, but increases as n, the number 
of gaps, increases. If we denote the voltage between the plate 
п and plate n—1 by v, we have 


| dde | 
y pop. у= os (sinh « n — sinh а (n —1)) 


and since 
sinh an — sinh « (n—1) =2 sinh : cosh “ (22-1) , 


we obtain directly 


a 
2 sinh 5 
„ү 2 ‚“(2п—1) 
$ ma inh qz 2 


(10) 


This expression can be put into another form which permits 
us to draw certain interesting conclusions. The form referred 
to 15 


As the number of plates n increases, this expression approaches 
the limit 
Ur = V mar (1 —$7^) (11) 
or 
> Uy 
V mar = РЕ Za (1 1) 

The breakdown voltage of a given gas being fixed, we see 
from this that the total voltage Vma, applied to a series of gaps 
cannot be made to exceed the value determined by equation 
(11) above. 

The increase in breakdown voltage of a multi-section quenched 
gap with the increase in the number of sections is shown in 
Figure 3 for the values of k= 5-05 0.000625; 0.00125, 0.0025; 
0.005; and 0.01. It is evident that the upper limit of spark volt- 
age Is reached for А = 0.01 when n 224, for К 20.005 when n 234, 
and so on. Furthermore, this limit for А = 0.01 is about 10 
times the breakdown voltage of the short gap section; while 
for А = 0.005 it is 14.6 times the same voltage, and so on. 
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The effect of the flux leakage on the highest obtainable gap 
voltage of a multi-section discharger is more fully shown by 
the curve of Figure 4, the abscissas being the ratio kaa, and 
the ordinates showing the greatest attainable multiple of the 
breakdown voltage of a short gap for a multi-section gap con- 


sisting of such short gaps connected in series. 


FIGURE 3 


On considering the second of the above-mentioned possi- 
bilities; namely, that of inductive coupling of the spark circuit 
to the antenna circuit, we have 


at n=0 
EN Y asas 


me = A+B 
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ion for the potential of the n—th plate takes 


28 


(12) 


е) 


[y 


and the expres 


the form 


Sin 
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This distribution of potential is shown by the curves of Figure 5, 
these curves being drawn for the same values of k, as in Figure 
2; namely, k = 0.04; 0.03; 0.02; 0.01; and 0. By comparison with 
Figure 2, we see that the distribution or gradient potential is 
much more uniform, and that the middle gap sections in this 
ease have less stress on them, the excess voltages being equal at 
each end of the series of gaps. 


зме зе pae) mia "02 ee 


For the voltage applied to the gap section between plate n 
and plate n — 1, we obtain 


sinh > 5 
vn = Р,= Р, у= Иа — ° cosh|-(2n—z—1)] (13) 
az 2 


sinh » 


The voltage of the last gap of the inner series will be 


А (L 
sinh 2 m 
U= mig е асв Са), 
ПР. 2 
sinh — 


2 
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Putting this under the form 


we see that with increasing z, this tends toward the limit 
» 1—-s: * , 
=V mar ° 9 = (14 ) 


From this we obtain 


aoe (14) 


V mar = 
1—є—* 


Consequently, for this case of the inductive coupling of the 
spark and antenna circuits. just as in the preceding case for 
direct coupling. there exists an upper limit to the discharge 
voltage of the entire series of gaps. When we are given the 
breakdown voltage of the individual section and the “flux leak- 
age." this limiting value is twice as high in the case of the in- 
ductive coupling as in the case of direct coupling. 


SUMMARY: The authors consider the relation between the breakdown 
voltage of a series of quenched gap sections and that of a single section. Be- 
cause of electric flux leakage from each plate to nearby plates and neighboring 
conductors, the relation of direct proportionality does not hold. The break- 
down voltage of a number of gaps of given length can not be made to exceed 
a limiting value, given in the paper. The limiting value in question is shown 
graphically for various values of flux leakage and breakdown voltage of gap. 

When spark circuit and antenna circuit are coupled magnetically, the 
available limiting breakdown voltage is twice that for direct coupling with 
one side of the high voltage transformer grounded. 


Digitized by Google 


A STUDY OF ELECTROSTATICALLY COUPLED 
CIRCUITS* 
| Bv 
W. ORLAND LYTLE 


(ASSISTANT PHYSICIST, BUREAU OF STANDARDS, WasHINGTON, D.C.) 


With a view to justifying an extended investigation of electro- 
statie coupling—if such a justification be needed—let us con- 
sider one application which this kind of coupling might have 
in radio communication. This is the problem of producing 
harmonic oscillations in an antenna. The advantage of such an 
arrangement is apparent to an experimenter who desires to use 
a large antenna for receiving signals, and yet who, on account 
of the law or for other reasons, must use in transmitting, 
a wave length which is but a fraction of the natural. or funda- 
mental, wave length of the antenna circuit. If his antenna 
circuit could be made to oscillate with a wave length which is 
the first harmonic of the fundamental, there would be emitted 
a wave which would have only one-third the length of the funda- 
mental. If this were not short enough for the purposes, the 
second harmonic might be used. 

Just before private radio communication was prohibited, 
I was able to produce these harmonics in the antenna which had, 
with the rest of its circuit, a fundamental wave length of 665 
meters. I had time to try only magnetic coupling between 
circuits. When the primary circuit of the transmitting set was 
tuned to the same wave length as the fundamental of the antenna 
circuit, it was found that the antenna circuit oscillated funda- 
mentally. (This statement is true, assuming that the coupling 
between circuits is not close enough to allow the secondary to 
react on the primary, thereby giving two waves, one above and 
one below the one otherwise expected.) When the primary circuit 
was tuned to a wave length one-third that of the fundamental, 
this first harmonie was obtained in the antenna with no trace of 
the fundamental or any other wave length. Ву reducing the wave 
length of the primary to one-fifth that of the fundamental, the 
second harmonic was obtained in the antenna. 
` * Received by the Editor, July 26, 1918. 
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For the fundamental, the primary circuit probably has only 
enough inductance to give the needed coupling to the antenna 
circuit, and all the capacity possible, consistent with the wave 
length, to keep the energy of the circuit at a high value, having 
a fixed potential available. Now if we wish to produce the first 
harmonic, we must reduce the product of inductance and capacity 
to one-ninth its value for the fundamental. But since our 
inductance is already no more than we need for our magnetic 
coupling, it must be the capacity, and consequently the energy 


of our system which is reduced, since W = 3C ye. 


Electrostatic coupling between the circuits offers a solution 
to this problem, for we can then reduce the inductance without 
affecting either the coupling or the energy of the circuit. 

So it was that the foregoing work seemed to lead logically 
to a study of the characteristics of electrostatic coupling. Mr. 
Laurens E. Whittemore of the Physics Department of the 
University of Kansas was just beginning such a study, and so 
we carried on the work together. 

Our purpose in this research was first to investigate the 
mathematical theory of electrostatically coupled circuits and to 
test experimentally the truth of the conclusions drawn, and 
secondly to study by means of the Braun tube and sustained 
oscillations the relations existing between the variables in the 
electrostatically coupled circuits using various values for the 
coefficient. of coupling. 

E. Bellini! has worked out the mathematical theory of the 
general case of electrostatically coupled circuits, such as in 
Figure 1, by solving the differential equations which may be 
set up for the circuits from Kirchoff's laws. Mr. Whittemore 
took the easier way, and solved the equations set up in complex 
notation form. I will merely outline Mr. Whittemore’s work. 


Induc tance Inductance 


Ficgtre 1—Electrostatieally Coupled Circuits 
!"La Lumiére Electrique," volume 32, page 241, 1916. 
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The equations for potential drops and currents in the 
primary, secondary, and intermediate circuits are the following: 
./ 
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Assuming that р = р = ps, equating the determinant to zero, 
and solving for p? 


Poit us) Мата roza 
p 2\L,G, Га LG, Lr: LG, LG? 


"DEVEU Ji Таз y+ kè 
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where 1 C, 
б - 0 СС 
апа 1 1 go C, 


a" 6t ae 


к= P Cy Ci Cy d GiG: where К, is the coefficient of coupling. 


1 
C, =“ 2 RE 


Taking the special case where the frequencies of the two circuits 
are the same before coupling 


1/1 ] 1/1 1 
На Жыны ЭЕ o pude 
(te) (+d) 


where » is the natural frequency of each circuit; from which 
we get 


p =2 n 
C C 
cam г? о __ { DENS: 
р " LC Lo 
PO а ke ° where 2’ and 2" are wave lengths 
i NIE, | 


When the frequencies of the two circuits are the same after 
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coupling, that is, when each circuit is tuned to the same wave 

length with the intermediary coupling condensers connected, 
Іл С = 10; 

and we get 


Pest 1—k, 

P ENEG 

Ln l+ke 

LG, 
ae À 
n'=n V 1+ke or '= 2 

Vitke 

À 


n"—nA/1—k, or à” = 4L 
V1-k-. 

In both cases, the shorter wave corresponds to the natural 
frequency of one of the single circuits without the coupling 
condenser. 

To comply with the condition that each circuit have the same 
frequency before coupling, we excited each circuit separately 
(when the coupling capacities were not connected), by a spark 
gap and transformer, and tuned each to the desired wave length, 
as determined by a resonating wave meter. The circuits were 
then connected electrostatically and the system excited, using 
a spark gap in one circuit. The waves present in each circuit 
were determined with the wave meter. 

For the other condition, we tuned each circuit when the other 
circuit was broken at some point other than between the coup- 
ling connections. The connections were then made and the 
wave lengths in each circuit determined. The theory was 
tested for the extreme values of coupling as well as for a number 
of intermediate values. We sometimes increased capacities 
conveniently by merely short-circuiting the condenser. 
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The curve (Figure 2) gives a good comparison of observed 
and calculated values. We see that as our co-efficient of coup- 
ling, k, approaches more and more closely to unity, one wave 
length approaches infinity under both conditions of tuning. 
When the circuits are in tune after coupling, while the one wave 
length approaches infinity, the other approaches zero. But 
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FIGURE 2 


in the case of tuning before coupling, we have one wave always 
the same, while the other approaches infinite length with no 
energy content. This is surely an ideal state of things, since 
we can then transfer nearly all the energy of the primary to the 
secondary and yet have that energy in only one wave. 

The Braun tube method of studying the are phenomena of 
single circuits is not by any means new, but we are reasonably 
sure that the effects produced by electrostatically coupling a 
secondary circuit have never been investigated by this method. 

Professor Simon? explored the “dynamic characteristic” 
of an alternating current are by means of a Braun tube arranged 
so that the cathode ray pointer was deflected horizontally by 
the are current and vertically by the potential difference across 


ан. Th. Simon, “Phys. Zeitschr." volume 6, page 297, 1905; volume 7, 


page 423, 1906. 
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the are. The closed curve he obtains is of the form of Figure 
3 and shows a phenomenon called “аге hysteresis.” This shows 
very clearly how the variables are related and that the are 
actually has a falling characteristic. In 1900, Mr. Duddell? 
showed that a direct current arc gave out a musical note when 
it was shunted by a condenser and an inductance, both of proper 
proportions. The most extensive and valuable study of the 
dynamic characteristics of the oscillating аге was made by 
Simon and his students. 
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FIGURE 3 


Mr. Hidetsugu. Yagit has investigated the reacting effect 
of a magnetically coupled secondary circuit on the oscillation 
of a carbon are. In our experiments, we are substituting known 
ralues of electrostatie coupling for his magnetic coupling. 

There are three types of oscillations which тау be obtained 
with an arc. If there were no oscillations the current thru the 
are, 7?,, would be nearly constant. The condenser discharge 
thru the are tends to superpose a sinusoidal current and make 
the current pulsating. So long as ti, is larger than the ampli- 
tude of pulsation, there is no extinction of the arc, and the 
oscillation is said to be of the “first type.” The oscillation of 
this type is generally obtained in musical ares. When the 
fluctuation becomes larger than /,, there will be a period of zero 
current, and the are will be extinguished for a moment. If the 
are extinguishes, a constant current, 7, will flow into the con- 
denser and charge it up until its potential becomes sufficiently 


3W. Duddell. “Journal I. E. E," volume 30, page 232, 1900. 
i Hidetsugu Yagi, “Proc. Inst. Radio Engrs.," volume 4, page 371, 1916. 
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high to cause the next discharge across the are gap. This is 
called the “oscillation of the second type," and is most readily 
obtained in practice at radio frequencies, especially when there 
is any dissimilarity of electrode material. If the terminal 
potential difference, which becomes reversed at the extinction, 
is large enough to cause a discharge across the gap, it will light 
a small arc in the opposite direction. "The oscillation with this re- 
verse discharge is of the third type. The three types are diagram- 
matically represented in Figure 4, as taken from Mr. Yagi's paper. 
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FIGURE 4 


As the second type of oscillations are used in radio communi- 
cation, we have used this type in our study. 
In our experimental work, we studied the relations between 


| E s4 ' 
(1) d and 2 in the primary, where ? is current; (2) potential 


difference across condenser in secondary, and primary current; 
(3) i in secondary, and i in primary; (4) potential difference 
d 1» 
dt 
ence across are, and 7 in the primary, which, however, was not 
very successful because our Braun tube was not constructed so 
as to give us the necessary amplitude for our potential deflec- 
tions. Before beginning the above studies in electrostatic 
coupling, we reproduced some of Mr. Yagi's work with mag- 
netie eoupling in order to be sure that the apparatus was being 
used in the proper way and to accustom ourselves to the 
necessary manipulations. 

Figure 5 shows diagrammatically the arrangement of appara- 
tus for our work, as used with the various connections. We shall 
call the circuit shunting the are the primary circuit. Our first 
experimental problem was to construct an are which would 
give us fairly persistent oscillations in our shunt cireuit. They 
had to be steady enough to produce a figure on the Braun tube 
sereen which could be photographed. After many trials of 


across are, and secondary 7; (5) , and 2; (6) potential differ- 
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FIGURE 5 


different arrangements, and failures, we finally used the enclosed 
аге shown in the diagram with fair success. The negative 
electrode was a solid carbon rod about one centimeter (0.4 inch) 
in diameter with its end filed off flat. This last is necessary to 
keep the arc from varying in length as it moves around. The 
carbon should be rotated slowly to prevent the arc from burning 
away one point on the carbon; but we did not do this, as we 
found it sufficient to turn the carbon part way around once in 
a while, or to substitute a new carbon. Sometimes we used a 
longitudinal magnetic field, which caused the arc to rotate about 
the axis of the carbon. The transverse magnetic field produced 
more vigorous oscillations but generally not such steady ones 
as no field at all. 

The are was enclosed in a porous cup which was properly 
closed with asbestos, and provided with a peep hole for the 
adjustment of the arc, and with an alcohol drip. A flame 
from a bunsen burner kept the porous cup hot so that the 
alcohol which dripped down on the inside was quickly vapor- 
ized. The alcohol vapor seemed necessary, for, as soon as 
the alcohol gave out the oscillations stopped. This alcohol 
vapor has the effect of steepening the characteristic curve of 
the arc. 

Our Braun tube did not have some features which we wanted 
but we used it as it was. There was only one diafram in the 
tube, tho there should have been two to make the spot on the 
screen small and clearly defined. А focusing coil placed as 
indicated in the drawing helped us greatly in obtaining a bright 
and fairly well defined spot. The strength of the field of this 
coll and its direction had to be adjusted by experiment for the 
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best effect. We were troubled by the jumping of the beam, 
due probably to the accumulation of charges on various parts 
of the tube, until we partially covered the large end of the tube 
with tinfoil and put a strip of foil around the tube close to the 
positive electrode, grounding each of these foils along with the 
positive electrode. Current deflections were obtained by pass- 
ing the current thru two coils placed on opposite sides of the tube 
so that their magnetic fields would add. In our experiments 
two coils of twenty turns each were used in series. For poten- 
tial deflections, a couple of metal plates were held as close as 
possible to the tube and on opposite sides. If our plates had 
been sealed into the tube we would have been able to get larger 
deflections for the potentials used—a thing which we often 
needed. For operating the tube we used a two-plate Wimshurst 
electrostatic machine driven by a motor. 


Connections ror SA -ly Series 
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Placed a little to one side of the tube, and focused on the 
front of the screen, we had our camera. With an f.-6.3 anastig- 
mat lens and Cramer’s “Isochromatic” plates, an exposure of 
from one-fifth to three-fifths of a second was sufficient for good 
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photographs. Once in a while we thought our plates showed 
the effects of x-rays, probably from the aluminum diafram in 
the tube. 

The ammeters used in the two oscillatory circuits were of 
the hot wire type, each being calibrated with the line ammeter 
and direct current. However, as the secondary current meter 
was burned out just preceding its calibration, it was calibrated, 
using a wire and shunt as nearly like the original as possible. 
At any rate, even if the values thereby given are only approxi- 
mate, we know relative values from the readings. 

The inductance in each circuit aside from that in the deflec- 
tion coils was in the shape of a spiral. The capacity was made 
up of sections of Murdock molded condensers of approximately 
0.0017 microfarads capacity each. The capacities of all sections 
were assumed equal when the coefficient of coupling was cal- 
culated. А variable air condenser, with a capacity at fifty-five 
scale divisions equal to that of one section of condenser, was used 
with the coupling capacity to make the coupling continuously 
variable. 

When the switches shown in the secondary circuit are thrown 
towards the spark gap, we have a means of exciting our second- 
ary for tuning purposes. The wave meter consisted of an in- 
ductance in series with a variable air condenser calibrated for 
wave lengths. A low pressure hydrogen tube was connected 
across the terminals of the inductance or condenser, to indicate 
maximum potentials in the circuit. 

On the line side of the arc, there was some dead resistance 
for controlling the current thru the arc, as well as a large induc- 
tance in each line to prevent oscillations from the shunt circuit 
from getting into the line. The inductance in each line was 
the secondary of a commercial house-supply transformer. As 
an additional precaution against the oscillations getting back 
into the line, three incandescent lamps were placed in series 
across the line. 

In our work we found it very convenient to short-circuit 
Ci, Сз, and С», and to use one section of condenser for C;', and 
C^; each, leaving C3’ for varying the coupling. With this arrange- 
ment and with all the capacity we had available, the coupling 
could be varied from zero to over ninety per cent. 

In each case, we were careful to have our circuits tuned so 
that they satisfied the condition of resonance before coupling. 
The wave length of an oscillation in the primary circuit, which 
secmed to be readily reproduced, was determined and the second- 
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ary was tuned to that, without the coupling, by means of the 
spark gap and transformer. Now, according to the theory 
which we have verified in the first part of this work, we should 
always have this original frequency in each of the circuits no 
matter what the value of the coupling. Therefore, after coup- 
ling, we placed the wave meter near the primary circuit and 
adjusted the arc until the tube on the meter glowed when the 
instrument was set for the original wave length. 

The same procedure was used in obtaining each series of 
relations between variables. Having our deflecting coils and 
plates on the tube properly connected, we began with zero coup- 
ling between the circuits and increased to the maximum coup- 
ling, taking photographs as we proceeded whenever we got a 
new figure or a great change in a preceding one. As each photo- 
graph was taken, we noted the value of the coefficient of coup- 
ling and the primary, secondary, and line currents. For the 
two current deflections we used two sets of coils at right angles 
on the tube, which coils, so far as our work was concerned, 
had practically no mutual inductance (as we found by test). 

The following table gives in. the rows the series with the 
same variables while the columns give those figures of the dif- 
ferent series with approximately the same coupling. Since a 
figure generally evolved gradually into the next figure taken in 
that series we can easily “interpolate” figures to fill out some of 
our columns, if we care to develop the set of figures with any 
certain. coupling. 
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In Figure 7, we have plotted the current values in the second- 
ary circuit as they varied with the coupling as obtained in series 
(4). Similar curves were obtained for the other series except 
in series (1) and (3), where the second maxima seem to be missing. 
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FIGURE 7 


Considering Figure 7, the first maximum of current occurs at 
a place where the value of coefficient of coupling was sixty per 
0 


cent. Now if the curve (Figure 2), showing n for various 
| À 


coupling values, be consulted, it will be seen that for k, =60%, 
3)! 
T =2. The second maximum on Figure 7 is at k,=80%, at 


sti 
which value by curve 1, a =3. By reference to the photographs 


РДА 
of the figures obtained at these values the values of obtained 


above are verified. "Therefore, when the ratio of the two fre- 
quencies is an integer, the root-mean-square value of the current 
is а maximum. The variation of the primary current, also 
shown in Figure 7, leads us to the conclusion as stated for the 
secondary circuit. Nothing definite can be said about the line 
current unless it is that it seems to be a minimum when the 
oscillating current is a maximum. 

11 


. і , "uw 
As series (1) gives us the value of п with respect. to 2, it is 
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useful for the exploration of the variation of currents, and con- 
sequently potentials, with respect to time. Let us take figures 


which were obtained with 82% coupling and develop the curves 
for time. 


Figure 11. 


Figure 12. 


FIGURES 8 To 12 


Figure 8 shows, first the figure as obtained from the photo- 
graph properly placed for development, and then the resulting 
curve. This is not the actual shape of our wave, as we can- 
not determine equal intervals of time on our figure, but it does 
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tell us something of the number and relative positions of maxima, 
minima, and constant values. One thing we do know is that 
the areas per сусіе above and below the г, line must be equal 
because the quantity of electricity put into the condenser (equal 
to Jf idt)is equal to that discharged by it. 

Figure 9 gives the potential across the secondary. condenser 
as it varies with time. This is obtained from the figure to the 
left by comparison with the curve obtained in Figure 8. By 
the same method Figure 10 is drawn. As Figure 10 plots the 
relation between secondary current and time, we should be able 
to get the curve of the same shape, by developing the evelie 
diagram of the secondary current and its time rate of change as 
shown in Figure 11. It will be seen that these figures do agree. 
Figures 9, 10, and 11 are drawn for only a half cyele or a little 
more. The relation between the potential difference across the 
are and the secondary current is not developed because of the 
uncertaintv of the path as shown by the photograph. Figure 
12 shows how the addition of two sine eurves, one with three 
times the frequency of the other gives a curve similar to the one 
obtained in Figure 10. One of the shape of Figure 8 тау be 
obtained by adding the two curves as above if the phase rela- 
tions are changed a quarter of a period. "This relation between 
the frequencies is in agreement with the determination made 
heretofore. 

Figures subsequent to Figure 12 are photographs of the 
figures produced on the Braun tube screen. The figures of the 
same series or those with the same coupling value may be picked 
out by reference to the table on a preceding page. 

From this study one is encouraged to believe that electro- 
static coupling should have a place in the transference of energy 
between radio circuits first, because a high degree of coupling 
is possible and second, because there is practically only one wave 
in the eireuits when such a high coupling value is used. 

I.desire to thank Mr. Laurens E. Whittemore, of the Physics 
Department, of the University of Kansas, for his constant and 
untiring direetion and help in this work. To the Department 
itself, I wish to express my appreciation for the use of apparatus 
used in this research. This apparatus is shown in Figures 59 
and 60. 
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FIGURE 60 


SUMMARY: The foregoing paper tells first of an investigation of the 
mathematical theory of electrostatically coupled circuits, and of the experi- 
mental verification of the conclusions drawn; and second, of the study, by means 
of the Braun tube and sustained oscillations, of the relations existing between 
the variables in the electrostatically coupled circuits using various values 
for the coefficient of coupling. 

It is found by theory and also by experiment that by one method of tuning, 
as the circuits are coupled closer, one wave length remains constant while 
the other approaches infinity, thereby concentrating an increasing proportion 
of the energy in the one wave. It is shown by curves and by Braun tube 
figures that when the ratio of the two wave lengths is a whole number, the 
root-mean-square value of the current is a maximum. 

A number of Braun tube photographs are given to show the relations 
between the various currents and volteges in the circuits. 
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THE DESIGN OF POULSEN ARC CONVERTERS FOR 
RADIO TELEGRAPHY* 


By 
LEONARD Е. FULLER, PH.D. 


(ASSISTANT MANAGER, OHIO INSULATOR COMPANY, BARBERTON, OHIO; Fon- 
MERLY CHIEF ELECTRICAL ENGINEER, FEDERAL TELEGRAPH COMPANY, 
San FRANCISCO, CALIFORNIA) 


PREFACE 


Neither time nor space permit a really thoro discussion of 
the technique of arc design. In this paper, I have endeavored 
to present those electrical and magnetic features of basic im- 
portance and major interest. 

Past literature has generally dealt only with the electrical 
characteristics of the Poulsen аге from the viewpoint of the 
scientist in the laboratory. I have tried as far as possible to 
discuss these characteristics from the viewpoint of the designing 
engineer. This different method of treatment has made it 
possible to inject new material into the theory of operation. 

Those portions of the paper dealing with magnetic matters 
contain new material also, some of which is of basic importance 
in the proper and economical proportioning of the bi-polar 
electro-magnets which have been built in sizes up to 80 tons 
(72,700 kg.) dead weight. 

This paper will be followed by another describing the direct 
current generating equipment, control apparatus, and other 
matters of engineering interest connected with high power 
stations. 

At present, a high power station may be defined as one in 
which the antenna current exceeds 150 amperes under ordinary 
conditions of ground resistance, andsoon. Modern 100 kilowatt 
converters operate at 150 amperes radiation continuously with 
a temperature rise not in excess of 40° C. in any part. 


HisTORICAL 
The negative slope of the volt-ampere characteristic of the 
direct current electric arc makes it a possible means of obtaining 
radio frequency currents. 
In the early days of radio telegraphy, before the advantages 
* Received by the Editor, February 13, 1919. 
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of continuous waves were generally realized, several types of 
ares were devised for producing continuous oscillations, but 
due to inherent limitations and the difficulties of development, 
no marked progress was made in their design until 1913, when 
tests of the United States Navy Department from the Arlington 
Station showed that continuous waves should be considered very 
seriously in the radio telegraphy of the future. This created 
the demand required to expedite development, and the arc 
operating upon the basic ideas of Valdemar Poulsen has been 
rapidly developed since that time. No notable advances have 
been made with ares of other types. "This is probably due to 
the fact that the mechanical and electrical problems involved 
are severe, and further because the Poulsen electrical cycle 
is admirably suited for converting large amounts of direct cur- 
rent electrical energy into radio frequency energy. 

The developments of the last five and a half years have 
advanced this arc from converters of 30 kw. normal full load 
rating to 1,000 kw. units with 25 per cent. 2-hour overload 
capacity. Most of this development has occurred within the 
last 3 vears. 


GENERAL 


The theory of the operation of the Poulsen cycle has been 
studied by a large number of investigators. Very complete 
bibliographies of this literature are given in Zenneck's “Lehrbuch 
der Drahtlosen Telegraphie" and Pedersen's article “Оп the 
Poulsen Are and Its Theory," PROCEEDINGS OF THE INSTITUTE 
oF Rapio ENGINEERS, volume 5, number 4. 

The theory of operation described herein is based upon the 
theories of many investigators, notably those of Barkhausen 
and Pedersen, combined with certain conclusions of the writer. 


THE POULSEN ARC CONVERTER CYCLE 


The are radio frequency cycle may be divided into two halves. 
The first is that during which the radio frequency current 7, is 
circulated by emf. set up by energy stored in the L and С. The 
second is the energy adding period during which J, is circulated 
by emf. set up by energy from the d.c. supply circuit. This 
may be termed the “charging period." 

Referring to Figure 1, the starting of the d.c. generator 
charges the condenser C, to the potential Eu. When the are 
is struck, direct current Ju flows thru it in the direction of the 
arrow, forming one component of the are current Ja. The 
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other component is the discharge current 7, from the condenser 
C., thus: 
Га = 1а —– 1, (instantaneous values) (1) 


Due to the fact that arc flame conductivity is dependent 
upon gas ionization, it is dependent upon gas temperature, and 
hence Ja, the current thru the arc. Thus as îs and ña increase 


05 — Cis 


Ls 
ИШ 


Rls" ca == К» 


FIGURE 1 — Diagram of Circuits 


as shown in Figures 2 and 3, the conductivity of the arc flame 
is raised. This causes a further increase in т, until finally the 
peak of the г, curve is reached at “b.” At this point the energy 
which, at the beginning of the cycle was stored in C, as potential 
energv, has been completely changed to kinetic energy stored 
in the magnetic field of the inductor Ls. The condenser charge 
is therefore zero, and the currents i, and т. are a maxi- 
mum. 

The magnetic field of Zs now begins to collapse. This con- 
tinues to make current flow in the same direction. "The process 
continues until the point “с,” Figure 2, is reached. Condenser 
С; is now fully charged in the polarity opposite to its initial 
charge, and the energy in the oscillatory circuit is once again 
in the potential form. | 

The condenser now begins to discharge, and the second half 
of the radio frequency cycle begins. During this half cycle, 
energy from the d.c. circuit is supplied to the oscillatory circuit. 
Current leaving the condenser does not pass up thru the arc, 
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forming a portion of 14 as in the preceding half cycle, but pass? 
thru the d.c. circuit in accordance with the equation: 


1a = ia +i, (instantaneous values) (2) 
"n d 
Li 
is: 
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FIGURES 2-8 


TY! As i, increases toward “d,” Figure 3 shows that ia approaches 
zero, and at “m” it has been reduced to such a low value that 
the stream of ions forming the are flame starts to rupture under 
the influence of the magnetic field. This continues to the point 
“o,” at which the are is completely extinguished and ia is zero. 
Thus: 

14 =i, (instantaneous values) (3) 
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The next instant 7s decreases from “e toward the point “n: 
Therefore there is a slight reduction in Ja (Figure 7) which 
induces ап emf. E,, between the terminals of the inductance 
La in the d.c. circuit. This surge has a much steeper wave front 
than the sinusoidal radio frequency oscillations and is unable 
to force its way beyond the first few turns of L,. The resultant 
increase in voltage across the are is sufficient to jump the gap 
between the electrodes and re-establish та. This occurs at “n,” 
and more and more Ju is shunted off thru the ia path as is ap- 
proaches zero at “e.” 

The point “е” is at the beginning of a second cycle identical 
with that just described, with the exception that, whereas at 
“a,” the potential Ec across С, was only that of Ea, at “e” it has 
been augmented by the discharge of Ls also. Thus, when the 
are is first started, there is a transient period extending over 
several cycles, during which the peak of Е, for each succeeding 
cycle is constantly increased until a stable condition is reached, 
which depends solely upon the resistance of the radio frequency 
eireuit, all other conditions remaining constant. Thereafter 
the effective value of E. may be computed by the well known 
equation: 


І, 


E. 
2 <fCs 


(4) 


THE Arc VOLTAGE Ea 


Altho J, is sinusoidal and Ja is a sinusoidally pulsating uni- 
directional current, the voltage across the arc, Es, has a jagged 
wave form. When i, is at “а” and the аге is struck by bringing 
the electrodes together, e; takes a certain value as shown. Due 
to the drop in are flame resistance produced by increasing 
current and because the flame resistance drops at a rate greater 
than the first power of the current, ea, which equals ra ta, de- 
creases with an increase in ta as previously described. This is 
the reason for the dip in the e; curve and illustrates the well 
known falling characteristic of the are. As ia approaches zero, 
ба increases up to the extinction point *m." Then comes re-ig- 
nition at “n” and ea drops as gap ionization increases. The 
evele then repeats itself. 

As Pedersen points out, there is not necessarily much differ- 
ence in the amplitude of the voltage peaks “m” and “n” because 
the are is burning from points back on the electrodes at “m” 
and is, therefore, long, while at “n” the voltage is only that 
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necessary to jump the gap between the electrodes at their nearest 
point. 

The ignition voltage at “лп” is of course dependent upon the 
ionization in the gap at that time. This ionization is controlled 
by the magnetic field strength, but inasmuch as the field has had 
the opportunity of scavenging the gap for a time prior to igni- 
tion, slight changes in its strength are not likely to make as 
much difference in the amplitude of the voltage peak at “n” as at 
“т,” because during the period leading up to the peak “m” the 
gap has been constantly supplied with new ions which were 
blown out of it by the magnetic field. Hence slight changes 
in field strength probably make a greater difference in the ex- 
tinction voltage than in that of ignition. 

During the period ‘‘a b c," Figure 2, ex at any instant equals 
Ta ta Where ra is the varying resistance of the аге. No simple 
law is followed from “с” to ‘е,’ because of the points “m” and 
"n," During the period “a b c," e; opposes ts, which is a com- 
ponent of ta. For maximum J, it is, therefore, desirable to have 
Е. a minimum during this period. However, thru “cde” it is 
desirable to have the effective value of the E; wave a maximum, 
provided the “m” and "n" peaks do not cause too great distor- 
tion. Thus for a complete cycle the effective value of the Ea 
wave useful in circulating J, is the effective value during the period 
"cd e" minus the effective value during the period ‘а b c." 

The equivalent sine wave of in-phase emf., which we may term 
fy, 18 that which has the same effective value as the difference 
between the effective values of the two halves of the E; curve 
above mentioned. This is obviously the voltage drop across 
R., that is №, I. It is shown in Figure 5. 

The peak value of e, = Eaa (Ела = Ea minus the R I drop in the 
d.c. circuit) because experiments show that when the magnetic 
field strength is of the proper value and the arc is operating under 
P: equals 


good conditions its effective direct current resistance, I 

d 
the resistance №, of the oscillatory circuit. 

Since E,— R, L., 

substituting pen Tr 
In V2 у? 

Hence Ела =e (peak) (5) 

Figures 9 and 10 give experimental proof of the foregoing. 

They are plotted from data taken at two high power stations. 

Altho the wave form of Ea is not sinusoidal, it is possible to 
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resolve it into components which may be easily treated analyti- 
cally. 
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ANTENNA RESISTANCE 


А, ~ Antenna Resistance ~ Ohms 
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FIGURE 9 


These components are: 
(1) Ела maintained by the d.c. generator. 


(2) A sinusoidal uni-directional pulse occurring once per 
radio frequency cycle. 


Figure 6 shows the superposition of these components. As 
previously stated, the difference between the effective values 


of the half cycles of this wave must be 0.707 Eia. When this 
is the case the effective value of 


Ea = 1.4 Eda (6) 


This is shown in the mathematical analysis which follows and 
is also proven experimentally. 
Referring to Figure 11: 


Let ea = instantaneous voltage across arc. 


2r ) 
Ea = effective value of e, = if ea? d ] 
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К=шахипип value of uni-dirertional pil that occurs 


once every cycle of the radio frequency current. 
é=instantaneons value of pulse = Е я, ^ 
E442 d.e. component of are voltage. 
ta = Ез € Eia >E zint 


u =E + E sirê 9-2 E E xin f 


1 (^ L” E: {7 
64: 19 = E2490 _- «in fldt 
9 = 2- ә - 
ар ^ e ғ PP £r a te!’ x 
JEL,ELÍ('". 
م‎ Е xin fd 
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ANTENNA AES. STANCE 


Я, Artanna Resistance > Ohms 
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Integration of Parts 


Eas E í sind = RU 


KIT еа? 1 0 = Ела + 


T d 
4 + BE 


| | E 2, 
Easy kit | + Eua Е 
The value of Ea during the half cycle “ c," Figure 11, is Eaa. 


During the preceding half cycle “ab” the value of Ea may be 
derived as follows: 


еа = Eng? HE? stn? 0+2 Каа E sin 0 


т 9 т "9 т 
jf sunu е اک‎ 10+ í sin? Ada 


jen í sin d) = Eaa + Ё Baek 


Ea (half cycle “а Б”) = A) Eua?+ E T E Kaa Е. 


For the difference between the two half cycles “ab” and 
"b c" of e; to equal 0.707 Eua, 


Ee E + : Eaa Е m Eda =0.707 Eaa 
MOS. 
Eu x i E == 2.91 Lis 


E*4- Esa E—3.83 Eua’ =0 


РА 3 
= gore 4S Ела +15.31 Ела 
ESL "n 
2 
E = Ез. Ta = 1.07 Eaa 


The (—) minus value of 4.67 in the preceding equation is 
disregarded. It evidently gives the value of —E necessary to 
satisfy the conditions, but which is of no interest in this analysis. 
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For the particular case when the difference between successive 
half cycles of e; is 0.707 Ела, the value of Ea in terms of Ёз» is 
now Obtained by substitution from the two equations. 


Е == 1.07 Еда 


72 
Е, = V + Ў + "En E 


(1.07)? Ei? | 2.14 Ела? 


t 


ae = vut 4 + т _ 
Е. = Eaa N/ 14- 0.2844 0.679 = Ела V 1.963 
Е, = 1.40 E44 


Experimental proof of equation 6 is given by the data taken 
at Palo Alto plotted on Figure 12. 
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It is apparent that when p = ау 2, the ratio E. = 1.4. 
А da 


The values of Ej, Ja, and 7, were determined with the usual 
instruments in the usual manner. 
Fa was measured by connecting a radio frequency voltmeter, 
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consisting of a hot wire milliammeter in series with a non-in- 
ductive resistance across the radio frequency terminals of the 
arc. This voltmeter was calibrated on d.c. 

The pulsating component of the Ea uni-directional equivalent 
wave, Figure 6, contains the two peaks “m” and “n.” 

It was stated under the heading of “The Poulsen Arc Con- 
verter Cycle" that the peak “n” was caused by the inductive 
discharge of La and that this pulse of emf. had a steeper wave 
front than the radio frequency oscillations. These facts have 
been proven by the following experiments: 

Since the voltage Eza is produced by slight pulsations in Ta 
in the manner previously described, these cause the collapse of 
a portion of the air leakage field about La. This occurs once 
every radio frequency cycle, and it is possible to detect the flux 
changes by placing a wave meter exploring coil in the air in the 
vicinity of La and tuning the wave meter to resonance with the 
radio frequency. In performing this experiment great care 
must be taken to make sure that the wave meter ammeter de- 
flection is due solely to the E; flux changes and is not due to 
direct induction from any nearby conductors carrying radio 
frequency currents or to small radio frequency currents leaking 
back thru Z4 to the d.c. generator. 

The extremely steep wave front of Ej, is proven by sphere 
gap measurements of the voltage between turns of Ls. It is 
found that the voltage between the end turns next to the 
arc is higher than between any other-turns in the coil. If 
L, is not sufficiently large this pulse may carry thru into the 
condenser C.. In this case harmonics are set up in the oscilla- 
tory circuit. 

Figure 8 shows the resultant distortion of the I, wave. 
These harmonics will not occur in the antenna current if Ls is 
sufficiently large. Thus, in practice, a station with a high 
capacity antenna operating upon short wave lengths is more 
inclined to have harmonics than would be the case were the L/C 
ratio higher. Аз а rule these disturbances are entirely choked 
back by the end turns of L, next to the arc. 


THE EFFECT oF B, ОРОМ EXTINCTION AND IGNITION 


The theory of the effects of В, upon extinction and ignition 
as outlmed below is based upon the effect of changes in B, upon 
I], It is to be understood that no experimental means of local- 
izing and specifically measuring the amplitudes and phase 
relations of the extinction and ignition voltages has been used. 
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The magnetic field strength By controls both the amplitude 
and timing of the extinction and ignition voltages. 

For any given set of conditions there is a value of Bg which 
gives optimum Z,. When the аге fields are adjusted to this 
value, they are said to be “tuned,” and the flux density is de- 
noted by By. 

When B, is less than 8,, the rate at which ions are removed 
from the gap is below normal, and hence gap ionization is above 
normal, This decreases the effective value Ea, which may be 
proven experimentally by use of the radio frequency voltmeter 
previously described. Such a condition reduces both the ex- 
tinction and ignition voltages, and because of the high peak 
values of these, reduces the effective value of Ea, Figure 4, thruout 
the “cde” period to a greater extent than thruout the “а б с” 
period. Hence the effective value of the in-phase driving 
voltage, Fy, Figure 5, is reduced. 

The fact that this is the case is easily demonstrated experi- 
mentally by lowering the field strength of an arc while it is in 
operation, The current I, is immediately lowered. 

Conditions with B, greater than В, are not altogether the 
converse of those with B, less than В,. This is because, altho 
the extinetion and ignition voltages are abnormally high when 
DB, is greater than 8,, the time of extinction is advanced and 
ignition is delayed. This tends to separate the points “m” and 
"n" and to foster harmonics. Such improper timing of “т”. 
and “n” causes a reduction in the amount of energy transferred 
to the oscillatory circuit and a corresponding reduction in In, 
because the e; wave form becomes so radically different from the 
ec, wave of in-phase voltage. 

Summing up the foregoing, it is seen that with field strength 
Ba. the points “m” and “n,” Figure 4, have certain amplitudes 
and time phase relations with respect to 4. If By is less than В, 
the effective values of both Fa and E, are reduced and J; 15 cor- 
respondingly reduced. On the other hand if B, is greater than 
Ba, the harmonies in the voltage circulating J, are augmented 
and this reduces the energy transferred to the radio frequency 
oscillations of fundamental frequency. The current 7, is accord- 
ingly again. reduced. | 


Тнк ARC CURRENT Га 
The are current is made up of the two components Ja and Is. 
Figure 13 shows the vector relations of the currents involved. 
Is ix laid off as a base vector of unit length. Ja is laid off at right 
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angles. because 16 may be considered a sine wave of different 
frequency, that is, extremely low frequency. Its length is+/2, 
since from Figures 2 and З it is evident that the crest of the 7, 
wave equals Ia, and with sinusoidal wave form the ratio of peak 
to effective values is V2. 


Ig «ү? 


FIGURE 13 


The triangle is then closed by Ia = 4/3. 

Experimental proof of these current relations is easily ob- 
tained by inserting ammeters in an arc circuit to measure Ja, 
Ia, and Is (see Figure 1). When the magnetic field strength 
15 of proper value, it is found that 

14 = //2 I; (7) 
and Ia = №3 P (8) 


THE POULSEN CYCLE EFFICIENCY 


The efficiency of the Poulsen cycle may be computed from 
the following: 


Eia Iv? Eda Га 


Are output = R, Г = = X — -— o 
NUR 14 à р? p? 
la 
h =, 
where р І, 


Arc input = Ea, Ia 
. Are efficiency = = Е (9) 


If p= 4/2, then є= 5060. 
This is the maximum Poulsen cycle efficiency, апа the high- 
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est theoretically obtainable. It corresponds to the Carnot cycle 
in thermodynamics. If the magnetic field strength is too weak, 
Ела 
Га 
these conditions true arc efficiency cannot be determined unless 
R: is actually known. However, when the arc magnetic field 


p willbe greaterthan 4//2 and may be greater than R,. Under 


*. 1 е е LJ a 
is tuned, |, is a very fair approximation to true arc flame є. 


This is shown by Figure 14, which is plotted from data taken 
at the San Diego (California) High Power Naval Radio Station. 
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THE MAGNETIC FIELD 


It is apparent from the theory of the arc that the strength 
of the magnetic field materially affects its performance. A 
fraction of each radio frequency cycle is allowed for the extinction 
of the are and the scavenging of the gap between the electrodes. 
The length of this time is inversely proportional to frequency. 
Therefore, all other factors remaining constant, the strength 
of the magnetic field required for properly de-ionizing the gap 
is direetly proportional to frequency or inversely proportional 
to wave length. This is because the rate at which the ions are 
moved is dependent upon field strength. 


Therefore: By x : (10) 


where “A” is the wave length. 
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The molecular velocity of the atmosphere in which the are 
burns controls the value of В,. То extinguish the arc properly 
and de-ionize the gap in the time available, there is no gain in 
raising the ions above the velocity necessary to break up the 
ionic stream in the time allowed. Hence, if the molecular 
velocity. of the gaseous medium surrounding the arc is high, 
it is unnecessary for the magnetic field to increase the velocity 
of the ions as much as would be the case were their velocity 
lower. "Therefore, the necessary field strength is inversely pro- 
portional to the molecular velocity of the gaseous medium 
surrounding the arc. That is: 

B, сс : (11) 
where “v” is the molecular velocity of the gas. 

The temperature of the arc flame is so high compared with 
the temperature of the gases in the chamber when the arc is not 
in operation that no appreciable error is introduced by the 
assumption that the absolute temperature of the arc flame is 
proportional to the power input Eaa Ja. Since the velocity of 
the molecules of a given gas is proportional to the square root 
of the absolute temperature of the gas, it follows that 


ve WV Eia 14 (12) 

Inasmuch as it is necessary for the magnetic field to extin- 

guish the arc, its best strength, 8y, is directly proportional to 
the electric field tending to maintain the аге. That is: 

B, с Ела (13) 


The number of ions to be removed from the gap is propor- 
tional to the current thru the arc, and hence to Ja. That is: 


B, е Ia (14) 
From equations 13 and 14: | 
В, сс Eaa 14 (15) 
Hence from equations 10, 11, 12, and 15: 
К Ела Ia - A Eas Іа 
B-. y ———-K'-. 16) 
i AV Eaa la A ( ) 


where A is a quantity ?nversely proportional to the specific molec- 
ular velocity of the gases surrounding the arc. For any particu- 
lar gas it is a constant, the value of which is determined experi- 
mentally from observations involving the other quantities of 
equation 16. Its numerical value obviously depends upon the 
units employed. 
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COMPUTATION OF K FROM THE CHEMICAL ANALYSIS OF THE Gas 


If kerosene CH; (CH3); СН, is used to supply the atmosphere 
for the are it dissociates into 10C 4-11H;. The C precipitates 
and the arc is surrounded by an atmosphere of Hs only. 

If ethyl (grain) alcohol C» H; OH is used, it dissociates into 
СО, +6Н.+3С. The carbon precipitates and the arc is sur- 
rounded by an atmosphere of H: diluted by CO». 

The weights of equal volumes of the chamber gases may be 
computed from their molecular weights. Thus the 


density of chamber gas from kerosene — 14. 1 
density of chamber gas from ethyl alcohol 56 4 


The velocities of the molecules of different gases, at the same 
temperature, are inversely proportional to the square roots of 
the densities of these gases. Hence the molecular velocity of 
the chamber gas with kerosene is twice that with ethyl alcohol. 

The same method may be used for methyl (wood) alcohol, . 
illuminating gas, and so on. 

Thus the value of К, equation 16, for ethyl alcohol should 
be twice that for kerosene. This theory is proven from the 
following data. А 


EXPERIMENTAL PROOF OF EQUATION 16 


These experimental data were taken at the United States 
Naval High Power Radio Station, Pearl Harbor, Hawaii, during 
the months of August and September, 1917. Experimental 
proof of equation 16 is given for powers up to 500 kilowatts 
thruout a wave length range of 4.1 to 16.1 kilometers. Values 
of K are derived for kerosene and ethyl alcohol. 

In considering experimental data of this sort, it should be 
realized that there are тапу factors which render such a station 
unsuitable for tests requiring those features of unchanging con- 
ditions and ample time for observations which can only be 
obtained in the laboratory. 

Antenna resistance №. changes daily with the weather, for it 
is affected considerably by the surface condition of the antenna 
insulation. Furthermore, the field tuning is broad. These 
facts tend to scatter the observed points. 

The lack of opportunity for long runs because of necessary 
routine work about the plant renders the obtaining of uniform 
chamber atmospheres on consecutive days practically impossible. 
This increases the seattering of the K determinations. 

The reader will realize, therefore, that the data presented 
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in proving equation 16 are essentially those taken in the field 
and not in the laboratory with its attendant possible niceties of 
observation. 

Figures 15 thru 22 (corresponding to plates 31, 52, 93, 134, 
145, 156, 187, and 218) show the effect of variations in B, and Ig 
with Eya held approximately constant thruout a range of wave 
lengths of from 4.5 to 16.1 kilometers. 

These curves are practically equivalent (except for value 
of ordinate in amperes) to curves of J, plotted against By, since 
I, is proportional to Ju. The proportionality factor, р, varies 
with В, for a given 4 and Eaa, but this variation is of no interest 
since we are interested only in the peak values of the curves, 
and these occur at the same В, irrespective of which current is 
used in the seale of ordinates. At the peak of these curves, 
p= 4/2, and on each side of the peak it is greater than 4/2. 

It wil be noted that the points of maximum current fall 
approximately on a straight line thru the origin. This is in 
accordance with the theory used in the derivation of equation 
14. Such lines have been drawn on all plates. 
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The kilowatt input has been computed and tabulated, and 
өт figure 25 are logarithmic graphs of the relation between 
Vin la and f. The slope of these lines is tabulated in Table 1. 
pnd averages 0.104, The theoretical value is 0.500 as indicated 
ly equintion 10, 
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Dotted lines show the intercepts on the unit axis. These 
have been tabulated also. According to equation 10, these 
intercepts should be inversely proportional to wave length. 
Therefore the product сл has been tabulated, and the average 
4.91 obtained. 

We have thus obtained an experimental check upon equation 
16, and determined the empirical value of 


К = 4.91 


when kerosene is used to supply the arc atmosphere and 
Ела is expressed in kilovolts 
Іа is expressed in amperes 
À is expressed in kilometers 
Вг is expressed in kilogauss. 


Figures 24 thru 30 (corresponding to plates 231, 242, 253, 
264, 285, 296, and 307) repeat the foregoing when ethyl alcohol 
is used. Figure 31 and Table 2 give the results. 
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The average slope is 0.483, and the value of 
K =8.32 
Our theory, given above, showed that the value of A for ethyl 
alcohol should be twice that for kerosene. 


2х 4.91 =9.82 (as against 8.32) 


We therefore check our theory within 18 per cent. It is to 
be remembered that this theory is based upon chemically pure 
liquid hydrocarbons of the molecular make-up indicated, and 
that in these tests commercial kerosene and grain alcohol were 
used. The impurities or variations in the molecular make-up 
of these would in some degree affect the results. | 
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FIGURE 30 


Any theory which assumes ideal conditions can only indicate 
the general trend of the phenomena which will take place under 
practical conditions. 
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In view of the disturbing factors which are known to affect 
arc performance, such as the impurities in the hydrocarbon 
above mentioned, and especially those unavoidable variations 
in the density of the chamber atmosphere previously enumerated, 
it is felt that an agreement even as close as 18 per cent. estab- 
lishes the soundness of our fundamental conceptions of are oper- 
ation. 

While variations in chamber atmospheric density affect the 
position of the straight lines on the logarithmic sheets and 
hence the value of K so obtained, they do not affect the slope 
of these lines, provided the rate of hydrocarbon flow is held 
constant thruout any one run. For this reason the determina- 
tion of the exponent of the Eaa Га product is checked rather 
closely, that is, within 1.25 per cent. in the case of kerosene and 
3.5 per cent. in the case of ethyl alcohol. 
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TABLE 2 


Ea а 14 
hw. Input 
с 
Intercept 
À 
Wave 
Length 


6.15 110.33 


6.94 9.37 


{ 
543 | S.l | 6.0 


Aver. .483 Aver. 8.32 


WoO Nie 


In taking these data, it was customary to use aleohol pro- 
fusely because there was little soot deposited in the chamber, and 
this practice ‘assured the most uniform results. When kerosene 
was used, the soot deposit became excessively heavy, and it was 
therefore customary for convenience in are operation to throttle 
down the flow somewhat. This reduced the resultant effective 
molecular velocity of the chamber gases because they were 
diluted by O: and № from the outside atmosphere which always 
tends to be drawn thru small leaks into the swirling mass of hot 
gases within the are chamber when the liquid hydrocarbon is 
supplied in insufficient. quantity. 

It is evident from the foregoing that the value of A deter- 
mined for kerosene is high (considering the ideal conditions for 
which equation 16 was derived), and in view of the practical 
difficulties of taking experimental data of this sort, some of 
which have already been enumerated, we may generalize some- 
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what, and are of the opinion that A =4.25 for kerosene and 8.5 
for ethyl alcohol are better empirical determinations of this 
constant. Equation 16 becomes: 


Bo= 135 V Es alu for kerosene - (17) 
апа 8,= 8.50 V/Eas La for ethyl alcohol (18) 
1 


General observation and data collected from various sources 
indicate that, for ordinary Pacific Coast illuminating gas, the 
value of К lies about midway between that for kerosene and 
ethyl alcohol. 

A consideration of the chemical make-up of methyl alcohol 
shows that it should require a somewhat higher flux than ethyl 
alcohol. This is borne out by general experience in are work. 


THE MAGNETIC CIRCUIT 


General 


In our treatment of the arc design problem thus far, we have 
covered the theoretical field of are performance and have shown 
the relationship between the various voltages and currents in- 
volved from theoretical considerations backed by experimental 
evidence. 

We have also derived the so-called “Flux Formula” (Equa- 
tion 16) from theory, and have proven it experimentally by data 
taken at the Pearl Harbor High Power Naval Radio Station. 

We shall now consider the theories involved in the design of 
the magnetic circuit and shall follow these by experimental data 
bearing specifically upon the affect of variations in magnetic 
circuit design on the gap flux, Bz. | 

Until the high power are converter became a necessity in 
radio telegraphy, this specific problem had not been met in 
practical design work, except in the case of a few relatively small 
eleetro-magnets which had been built for various laboratories 
thruout the world. 

The necessity of building electro-magnets weighing 65 tons 
(59,100 kg.) in the case of the 500 kw. are converters and 80 tons 
(72,700 kg.) in the case of the 1,000 kw. units made it essential 
that knowledge of these matters be accumulated in a form 
suitable for design work. 
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THE IDEAL CIRCUIT 


Figure 32 shows two magnet poles “N” and “S” located 
under ideal conditions as developed in past literature—that is, 
within a long solenoid, so that at the magnetic air gap the mag- 
neto-motive force (abbreviated ‘“mmf.’’) is uniformly distri- 
buted and is parallel to the axis of the poles. If it is desired to 


Magnetizing Winding 
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FIGURE 32 


obtain a maximum flux density in the air gap for a given applied 
mmf., it is obvious that this cannot be obtained if the full diam- 
eter of the poles is continued up to the air gap, because a certain 
percentage of the flux will leak around the gap as shown, and 
the flux density in the main poles will exceed that in the pole 
tip faces adjacent to the gap. Hence premature saturation 
will occur back in the body of the main poles. 

If the poles are shaped as in Figure 33, premature saturation 
of the main pole is eliminated, but an analogous condition exists 
in the pole tips—that is, premature saturation occurs at some 
point in the pole tip between its base, where it joins the main 
pole, and its face, adjacent to the air gap. 
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FIGURE 33 


It is obvious from the foregoing that if the pole tips are made 
of a shape somewhat between that of Figures 32 and 33—for 
example, truncated cones as shown in Figure 34, à maximum 
flux will be obtained in the air gap for a given applied mmf. 
If the poles are made of the best possible shape, equal flux densities 
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will exist at all points, and hence no part will take more than 
its share of the applied mmf. 
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FIGURE 34 
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In his “Magnetic Induction in Iron and Other Metals, 
Ewing shows by analytical treatment that the best pole shape 
is that of a truncated cone having the anglea, Figure 35, 
54? 44'. His method of treatment 1s as follows: 
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FIGURE 35 


The assumption is made that the distribution of magnetization 
is uniform thruout the cross section of the magnet poles—that is, 
that the flux lies parallel to the axis of the poles. 

The magnetic force in the space between the pole tips is 
composed of two parts, (1) the magnetic force due directly to 
the eurrent in the fleld coils, and (2) that due to the internal or 
molecular mmfs. induced by the applied mmf. The first of 
these forms a small part of the whole, and since its distribution 
is nearly uniform, it becomes a negligible factor. 

The pole faces are considered as being made up of a series 
of coaxial circular rings in planes normal to the axis of the poles. 
If the induced magnetization of one of these rings 1s represented 
by “J” the magnetic force ''F'", due to it at a point “O” (Figure 


! Using Ewing's terminology. 
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36) in the axis at a distance “z” from the plane of the ring, is, 
according to Coulomb's law, given by the equation: 


= — - cosa, or by 


x : x 
Е = — since cosa= 1 


FIGURE 36 


Obviously F will be a maximum when ы = 0, which occurs 


» "m 
when z= 4/2? (an a — 4/2, or а = 54° 44’, 


Weiss? has given experimental data showing that the best 
pole tip shape is not the uniform cone just considered but one 
made of & multiple number of angles, which are equivalent to 
a curved surface. "This deviation from the pole tip shape which 
Ewing's mathematical treatment of the problem indicated as 
best, is probably due to the following facts: 

(1) The fundamental requirement is that premature satura- 
tion shall not occur in any part of 'the magnetic circuit, that is, 
all parts must reach their limiting value at the same time. 

(2) Such a condition was assumed by Ewing in his mathe- 
matical analysis, upon the basis of the flux in all parts of the 
pole tip lying parallel to the axis of the poles. 

(3) But experimental data show that the flux does not lie 
parallel to the polar axis with uniformly conical tips. On the 
contrary, it concentrates in the portion next to the air gap. 

(4) Therefore, in order to fulfil the basic requirement of (1), 
it is necessary to approach the gap more slowly and thus by 

? For various discussions of pole tip angles, see 

Weiss, “Journal de Physique," volume 6, page 353, 1907. 

DeBois, “Апп. d. Phys.’’, volume 37, page 1268, 1913. 

Ewing, former citation. 


Cotton, “Revue Générale des Sciences Pures et Appliquées, 
numbers 13 and 14, 1914. 


" volume 25, 
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leakage prevent too high a percentage of the main pole flux 
from flowing thru the tip faces adjacent to the gap. 

Figure 37 shows a pole tip of this shape. It is relatively 
long as compared with single angle cones of approximately 55° 
and since, at the flux densities used in arc converters, the per- 
centage of gain in B, due to its use is small, it is not a desirable 
shape, because such a long-nosed pole materially increases the 
height of the magnetic circuit yoke. In arcs of 500 to 1,000 kw. 


FIGURE 37 


capacity, such an increase adds many tons to the weight of the 
unit, while the resultant decrease in necessary magnetizing 
kilowatts is very small. The time and cost of machining this 
complicated surface is another reason for not considering it in 
large arcs. 

Figures 38 and 39 of a 1,000-kw. arc converter show why 
weight is added rapidly if the height of the yoke is increased. 

The greatest flux density will be produced in the air gap 
when the pole pieces are saturated so that the intensity of in- 
duced magnetism J reaches its limiting value in all parts of the 
metal. Thus, for truncated cones (Figure 35) the surface den- 
sity is J sina; and, employing the theory of Ewing previously 
given, an expression may be obtained for the field intensity in 
the gap, that 1s? 


В;=4 rJ (1-cosa+-sin*a cosa log, Р) (19) 
d 


3 See Weiss, former citation on this matter. 
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Figure 39—1,000-Kilowatt Arc Converter (Cathode Side) 


which of course is à maximum when a=54°44' for cones the 
apices of which coincide. In this expression, 1 — cos а represents 
the flux due to the pole tip face, and the remainder that due to 
the conical surface. 

Since the flux distribution in a pole tip of any shape varies 
with the flux density and with the permeability of the steel, any 
mathematical treatment of the problem which seeks to render 
the computation of B, possible thruout the broad range of flux 
densities from 0 to 40 or 50 kilogausses, must be based upon these 
premises, which are incapable of exact mathematical expression. 
Therefore a mathematical solution of the problem for this broad 
range is seemingly impossible. 

The range of flux densities used in arc converters is from 
approximately 2 to 20 kilogausses, and hence we must resort 
to experimentation upon actual magnetic circuits to obtain arc 
design data. 


4584 


Best PRACTICAL ТІР-САР RATIO о 


The mathematical derivation of the pele tip angle 
a=54° 44’, Figure 35, makes the ratio of pole tip face diam- 
eter "d" to gap “G” equal to 4/2 for cones with the same apex, 


since tan Tla = 4/2 and lan a= c. 


Since commercial arcs cannot have the mmf. applied ideally, 
that is, the arc chamber cannot be within the magnet windings, 
there is more spreading of the flux in the gap than in the ideal 


d 
case. Hence G must be greater than the theoretical value, 


namely, 4/2. The practical value seems to be very close to 
d 

tan 60°=+/3. However, the С ratio may be varied between 

1.6 and 2.0 without seriously reducing the flux density in the 

gap. Figure 40 gives experimental proof of the foregoing. 


| 
| 
= | 
e | 
| | cab SOAmps 
| | 
| 
| wc х=Ф0° 29 Amps 


| 
| 
| 
i 
| 
| 


we 


ee 
Ша] 


0 


^ 


n 


MAGNETIC CIRCUIT DATA 
SHOWING d 
EFFECT CF T.P-GAP RATIO G PON Bg 
Ope^ Mag^etc Treu? 


69-Ar Gop Flux Density —Kiiogauss 


E 


| 

| _- 228 COAmps 
2 | РЕ а 

| 

| 

! 


FESZRAL TELEGRAPR CO 
ао Ato. Cai, USA 


5 
RR es 50 
Соо Су LFF LULK-~&-28- А 


FIGURE 40 
485 


In all the work described herein, magnetic flux densities 
were measured by means of an exploring coil and ballistic gal- 
vanometer, in the usual well-known manner. 


Best PRACTICAL Роге Tip SHAPE 
d 
The fact that the best practical ratid С is very close to 4/3 
shows that the angle of the two cones, the tips of which touch 
in the center of the air gap is 60°. However, as shown on Pig- 
ure 41 and in Table 3, 60? tips are not as good as 55? (keeping 


d s 
ae 4/3 in both cases). 
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TABLE 3 


(Figure 41—Po.e ТІР SHAPES) 


H B 

3,850 4,320 

7,260 7,440 5 
11,200 11,050 = 19 
17,800 15,290 : 
18,010 15,380 1 z 
21,780 17,890 g7 V3 
25,320 19,500 а — 609, 55°, 50? 
32,800 21,400 
39,800 22,300 
43,490 22,700 

7,230 7,330 
14,840 13,250 
20,000 16,900 
20,900 17,080 D _12 
22.250 17,880 G 
25,600 19,220 d _ V3 
28,900 20,300 G 
30,300 20,800 a=55° 
33,500 21,100 
37,800 21,850 
39,500 21,900 

7,350 7,030 D _12 
16,700 14,280 G 
23,100 17,850 d Уз 
27,800 19,800 G- 
35,600 21,000 a =60° 

7,500 7,620 
14,770 13,050 Р _12 
22,400 16,280 G 
29,400 17,500 а z 
36,800 18,100 КГИ v3 
44,500 18,600 а =30° 
60,700 19,150 

7,500 7,850 
14,700 13,260 D _12 
22,300 17,750 G 
29,580 19,620 d 3 
30,850 19,890 7 
37,450 20,700 a=45° 
38,050 20,750 


Open Magnetic Circuits 
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The foregoing indicates that the best practical tips should 
start at 60° near the gap and change to approximately 55° part 
way back on the cone. 

In view of our previous discussion of the Weiss tip of Figure 
37, the 55° angle should be reduced near the base of the cone 
Such a tip is 60°—55°—50° (approximately one-third of the 
slant height for each angle). 

The experimental results of Figure 41 prove the correctness 
of this reasoning, since the 60°—55°—50° curve lies above all 
others. 

It is probable that some modification of these angles would 
give a somewhat better tip, but itmust be remembered that it 
is inadvisable to have a greater portion of the sloping pole sur- 
face below 55° than in the tip just considered, because at the 
rate at which it increases tip height and hence arc weight and 
dimensions. These reasons practically prohibit the use of any 
angle less than 50°, and in view of these practical considerations 
and the ease with which the 60°—55°— 50° tip may be machined, 
it is considered one of the best all-around designs for high power 
arc work. 


D 
Best PRACTICAL PorE-GaP RATIO С 


According to equation 19, B, cc log," , all other factors re- 
maining constant. Sinced=+/3G for best results, we would ex- 
pect B, с log, 21 Figure 42 shows a curve plotted to this equa- 

I 


tion. 

Obviously this ratio is most important, for it is the main 
factor controlling the weight and cost of an are converter. If 
it is too low, the magnetizing ampere turns are not working to 
full advantage; and if it is too high, both steel and copper are 
wasted because of the excessive mean diameter of the magnet 
winding. | 

Of course, the most economical weights of steel and copper 
are dependent upon the market price of each. In general, how- 
ever, the magnetic circuit of an arc converter should be designed so 
that the knee of the saturation curve is reached at rated full load 
current. 

In accordance with this principle saturation curves have been 
taken over a great range of 2 ratios for various pole tip angles. 
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FIGURE 42 


The knee of each of these curves has been determined, and Bj, 
at the knee tabulated with x and a. In all cases g was held 
constant at its best value V3. | 

Table 4 gives typical data of this sort, which are shown 
graphically on Figure 42 for a=60° and 45?. The difference 


in the shape of these curves and the log. curve obtained by 


computation 1s due to the fact that the ordinates of the experi- 
mental curves are B, at the knee which introduces a variable Н 
into their past history; whereas the computed curve is for an 
arbitrarily chosen fired value of H. Since we are interested 
primarily in the position of the knee of the saturation curve, the 
computed curve ts of no particular value in design. 
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TABLE 4 
(FIGURE 42) 


D B, (Knee) 
4.83 9,300 
6.0 11,160 - 
9.75 16,730 a — 60? 
12. 19,500 а - 
218 20500 GV? 5 
29. 20,900 Observed Data on Effect of g on 
35. 21,000 


Position of Knee of Saturation 
Curves with 
о 11100 Variable magnetizing force 


8. 14,410 a=45° 
10. 16,820 d 
12. 17,660 = V3 
14. 17,850 
29. 18,850 
2 о = 6.83 log, 
2 4.74 
н 5 Computed pano Effect of 2 оп 
8 14.2 B, at a fixed arbitrarily chosen magnetizing 
10 15.75 force 
12 17.0 a=constant 
14 18.05 d 
16 18.93 G^ constant 
30 23.25 


Two important conclusions may be drawn from these data. 
(1) When > is small, the tip angle a is of little importance. 
Thus in small ares where weight is often a controlling factor and 


= is therefore made low, any a that works in well with the 


chamber design may be used. 


(2) 2 should not be made greater than 12. Asa matter of 


J 
fact, considerations of cost and weight make it advisable to run 


190 


D кор 
7 below its best value in high power ares. For example, the 


T 
1,000-kw. are converter requires 15,000 gauss (under usual speci- 
fications) in a seven-inch (17.8 cm.) magnetic air gap. Figure 


42 shows 2 =8.5 for 15,000 gauss at the knee of the saturation 


T 
curve. This makes D=59.5 inches (151.1 cm.), whereas the 
arc as designed has D = 45 inches (114.3 cm.), which saves many 
tons of steel (counting yoke and bedplate), without increasing 
the amount of copper, because of the reduction in the mean 
diameter of the winding. Е 


In all the foregoing, 2 has been considered as constant 


thruout the entire length of the magnetic circuit. Experiments 
show that it cannot be reduced appreciably in any part of the 
bedplate or pole pieces, but it may be reduced somewhat in the 
yoke, because leakage reduces the total flux which must pass 
thru the yoke. The cross section of the yoke of the 1,000-kw. 
аге is equivalent to a pole diameter of 40 inches (101.6 cm.), 
whereas D= 45 inches (114.3 ст.) in the main pole and bed- 
plate. | 

In general, B in the lower portion of the pole or bedplate 
equals В, approximately, while B in the yoke or at the base of 
the pole tip equals approximately j By. 


OPEN COMPARED WITH CLOSED MAGNETIC CIRCUITS 


It 15 not customary to have cranes at the point of installation 
of ares up to 100 kw., and the weight of the unit is a matter 
of considerable importance. This is especially true on ship- 
board. 


Unless a closed magnetic circuit has a fairly large z ratio, 


and is therefore heavy, it is of little value. Open magnetic 
circuits are used exclusively in sizes up to and including 100 kw. 
because a pound of copper is worth several pounds of steel in 
producing Bg, and the magnetizing kilowatts are small in any case. 
Furthermore, in these small sizes it is often found that at the 
present market prices of steel and copper, a saving in cost is 
effected by using the open magnetic circuit. 

The effect of the arc on a ship’s compass is a factor which 
sometimes makes it desirable to use a thoroly shielded closed 
circuit design when otherwise the open circuit would be preferable. 
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- MAGNETIC CIRCUIT MODELS 


It is not necessary to build a full size magnetic circuit to 
determine the shape of the saturation curve. The use of models 
is a quick and inexpensive means of accomplishing this result. 

Figure 43 and Table 5 show how well this can be done. It 
will be noted that the ratio of the weight of the full-sized magnetic 
circuit to its model was 650-to-1, and that the measured flux 
densities of the two lie so close together that it has been possible 
to draw but one curve thru the two sets of points. 
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TABLE 5 


FIGURE 43— Море, DATA 


Ratio of Weights 650:1 


г = 8.06; 1 м3, а = 60° — 55° — 50 
PEARL HARBOR MAGNETIC MODEL 
500 kw. Arc. 

H B, H В, 
2,500 3,100 12,000 13,700 
3,800 4,650 14,000 15,700 
6,700 8,200 16,000 16,100 
8,200 10,100 18,000 16,900 
9,300 11,000 20,000 17,500 

11,600 13,400 22,000 18,100 
12,800 14,300 24,000 18,500 
13,900. 14,800 28,000 19,500 
14,800 15,600 32,000 20,200 
16,100 16,100 36,000 20,700 
17,200 16,700 40,000 20,900 
18,700 17,200 ; 
19,000 17,300 

[19,700 17,500 
20,700 17,800 
21,800 18,100 
23,200 18,600 


Figures 44, 45, and 46 show these magnetic circuits. It will 
be noted that the mechanical form of the two circuits is as radi- 
cally different as their size, and yet they are excellent magnetic 
equivalents. 
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FIGURE 45—500-Kilowatt Magnetic Circuit 


Figure 46—Model Magnetic Circuit 


DETERMINATION OF THE MAGNETIC AIR GAP G 


The determination of the magnetic air gap is one of the most 
important decisions necessary in the design of a large arc con- 
verter. It is dependent upon oscillatory circuit resistance, 
kilowatts input, and, in fact, upon nearly all the specifications 
which must be given the engineer before design work may be 
started. The shape of the anode tip is also an important factor. 

Analytical attack on this problem has not been possible thus 
far. All progress has been made by experimentation. It is 
believed that an analysis of the results would be too cumber- 
some to include in this paper. 

In general it may be stated that the air gaps now in use range 
from 1 to 7 inches (2.54 to 17.78 cm.). 
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DETERMINATION OF CHAMBER SIZE 


Figure 47 shows the area of chamber cooling surface which 
is considered good practice at this time. All arcs of modern 
design are constructed in accordance therewith. 
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FIGURE 47 


Once the necessary arca has been determined, the design of 
the remainder of the chamber is one of purely mechanical 
problems. 

The size of the water jackets is determined by the difficulties 
of the foundryman to a very considerable extent, as the casting 
must be watertight. 

The thickness of water jacket which is satisfactory to him 
in his core work is usually of ample cross section to permit the 
water flow necessary at the usual 15-20 pounds per square inch 
(1.06 — 1.41 kg. per sq. em.) pressure available. 


CHOICE OF Arc ELECTRODES 
In the ordinary carbon are, particles are carricd over from 
the positive electrode and deposited on the negative. This 
causes the formation of the well-known positive crater and 
negative cone. 


Some arcs however (such as the magnetite arc used for 
illumination), use copper anodes, which do not wear away at an 
appreciable rate. The Poulsen arc is of this type. 

Carbon or graphite may be substituted for the copper anode 
with excellent results, but these materials have never come into 
regular use because a water-cooled copper electrode is less trouble- 
some. 

They are the usual cathode materials, however. Carbon 
should not be operated above 200 d.c. amperes per square inch 
(31 amperes per sq. cm.), and graphite twice this density at the 
usual wave lengths encountered in present day radio telegraphy. 

The d.c. amperes may be used as the basis for computing 
the cathode diameter safely, because the skin effect in materials 
of high specific resistance is relatively small. For example, at 
a wave length of 3,000 meters a carbon electrode 1.60 cm. (0.63 
inch) in diameter* has a radio frequency resistance but 1 per 
cent. greater than its d.c. resistance. At a wave length of 9,000 
meters, this diameter may be increased to 2.77 em. (1.1 inch). 
Thus the determination of electrode diameter on the basis of a 
limiting direct current density does not vary appreciably from 
the diameter which might be computed with the radio frequency 
current as a base. 
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SUMMARY: The Poulsen arc converter cycle is studied in detail, and the 
various relations between direct and alternating arc currents and voltages ob- 
tained and discussed. The possible production of harmonics is considered. 

The effect of arc field strength on the arc phenomena is then taken up. 
The efficiency of the Poulsen arc cycle is obtained and checked experimentally. 

The theoretical relation between best field strength and wave length, arc 
current and voltage, and nature of atmosphere surrounding the arc, is de- 
duced, and shown to be correct by elaborate experimental data. In this con- 
nection, ethyl alcohol and kerosene atmospheres are compared. 

The design of the magnetic circuit is then handled in detail. The most 
economical pole shape is given, the tip being a triple tapered conical frus- 
trum. The tip-gap ratio and the pole-gap ratio are also experimentally ob- 
tained. 

Open and closed magnetic circuits are compared. The design of these 
large electromagnets is facilitated by the use of small models, the results thus 
obtained being reliable. Data are given for desirable chamber surface for 
various arc inputs, and for the design of arc electrodes. 


` 4Circular 74, 1918, Bur. Stds., pages 299-310. 
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THE UNI-CONTROL RECEIVER* 


By 
Roy E. THOMPSON 


(CHIEF ENGINEER AND GENERAL MANAGER, WIRELESS IMPROVEMENT 
Company, NEw York) 

The original paper on the '"Uni-Control Receiver" was pre- 
pared some time ago, and arrangements were made to read it 
before THE INSTITUTE OF RADIO ENGINEERS shortly thereafter. 
Certain delays interfered until the United States entered the 
war, so that it was no longer considered proper to read it. 

In order to show some of the causes which led up to the 
design of the receiver originally, I wish to point out that— 

The law says in effect to people who instal and operate radio 
apparatus: “You must provide only apparatus which is capable 
of selective operation; that is to say, your apparatus must be 
sharply tuned so that if you are interfering with another station 
he may tune you out by slightly changing his receiving tune." 
Then the same law goes on and says in effect: “In view of the fact 
that all transmitters have now been required by law to be sharply 
—that is selectively tuned—it is feared that in case of distress 
a vessel may call for help and not be heard. So, to eliminate this 
possibility, it is decreed that you must handle your business on 
one of two wave lengths, namely, 300 or 600 meters. That is, 
we make you tune sharply so that listeners on slightly different 
tunes will not hear you; then we say that you shall all send on 
the same tune so that all listeners will hear you." 

This provides a situation which in practice is no doubt differ- 
ent from anything the framers of the laws anticipated when they 
agreed upon the London Convention in 1912. 

Now there was a very good and sufficient reason as to why 
these two major requirements of the law should have been 
enacted. "The flaw in the scheme is that the carrying out of the 
one negatives the gesults expected from the other and vice 


°` versa. 


It was with the above conditions that I and other radio in- 
spectors of the Department of Commerce tried to cope when the 


* Received by the Editor, January 23, 1919. Presented before the Insti- 
tute, New York, February 5, 1919. 
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laws became effective on December 13, 1912. It has been said 
that one never knows the weakness of a law until one tries to 
enforce it. In this case, we did not fully realize the weakness 
of the law until after it was fully enforced. We first berated the 
framers of the law, but upon sober thought we were compelled 
to acknowledge that it seemed practically impossible to frame a 
law which would effectively regulate radio communication and 
secure the desired results, or for any company or government 
to formulate rules which would properly take care of the con- 
flicting interests represented on one side by the commercial 
business that must be handled and on the other by the desire 
and necessity of keeping this commercial business from inter- 
fering with possible messages relating to the safety of life at sea. 

The thing back of this whole problem—the thing that caused 
the attempt to solve the problen by regulation and the thing 
that in turn prevented regulation from being the’ solution—was 
plainly the limitation of the radio apparatus itself. The trans- 
mitter had to be restricted as to the number of wave lengths 
it could use so that the receiver might always hear it, and the 
receiver had its selective ability nullified by being compelled 
always to keep itself adjusted so that it would hear the trans- 
mitter on its restricted wave length. 

So far as I know, no laws or regulations have ever been pro- 
posed or worked out which would solve the conflicting problems 
referred to above. In my opinion, neither government nor private 
monopoly would do it because the only advantage that monopoly 
has over regulation is the power to regulate arbitrarily instead 
of equitably. 

These and the less important problems relating to the human 
element or the tendency of operators to neglect fully to carry 
out regulations, instructions or even arbitrary commands were 
the causes for the writer’s determination to design if possible 
a receiver which would take care of both the conflicting require- 
ments of the radio laws and permit the emancipation of the trans- 
mitter by producing a receiver which would hear everything 
within a space of a few seconds, or before much harm could come 
to a distressed vessel and still be able to exclude anything which 
the present day receivers will exclude. 

The first requisite was a receiver that’ could be caused to 
“sweep the ether," so to speak, in the same way as a search- 
light sweeps the horizon. This means that there must be a 
gradual and continuous sweep from the shortest to the longest 
wave length within the range of the instrument. А receiver 
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embodying this faculty in a very simple form is one having only 
one variable point or element. A fixed inductance and a variable 
condenser in series with the antenna and ground and with the 
detector and telephones across the inductance or condenser is 
a simple illustration. Such a device has not sufficient range 
to fill the practical requirements however. As a practical mat- 
ter, it develops that more than one varying or wave changing 
point must be provided. 

The second requisite was that in whatever direction the re- 
ceiver developed, it must be operated entirely by a single driving 
force or control. It must further be capable of repeating the 
wave change cycle over and over again at a speed permitting 
the operator’s attention to be attracted by faint signals whenever 
the receiver swept by or passed thru the tune corresponding to 
the wave length of such signals. 

Such a device, I believe, is the receiver to be described in 
this paper. 

An elementary diagram illustrating the principle is shown 
in Figure 1, which shows a unit coil of inductance UL and а mul- 
tiple unit coil of inductance ML. A capacity K provides for 
the oscillatory character of the circuit. The unit switch US 
has attached to its shaft a gear such as the spur or intermittent 
type, which drives the multiple unit switch M S thru a similar 
gear of slower rotation. As the unit switch brings consecutively 
into the circuit the inductance represented by taps a, b, and c, 
respectively, the multiple unit switch moves over to tap 1, 2, or 0 
as the case may be. The movement of the multiple unit switch 
from one tap or segment to another is arranged to take place 
whenever the unit switch moves from tapctod. The unit switch 


FIGURE 1 
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moves clockwise and the multiple unit switch counter clockwise. 

Figure 2 illustrates the same circuit as Figure 1 with the addi- 
tion of a variable condenser V C which enters the circuit in series 
with the inductance coils whenever the switch arm M S connects 
the tap or segments 0 and 3. 


FIGURE 2 


It will be noted that whenever condenser V C is in circuit, 
the circuit instead of being thru the return wire W and the tap 
a, is thru the wires Р, Q, and the adjustable contact R, and the 
tap b. As the contact R can be placed on any of the taps a, b, 
c or d, it can be placed so as to compensate for the entrance of 
the condenser V C into the circuit and keep a wave length gap 
from appearing there. Of course, in practice there are always 
a few turns of inductance kept in the circuit for coupling to the 
detector. With the compensating inductance controlled by 
contact R the receiver may be adjusted for use with a condenser 
K having different capacities. As the condenser K represents 
the eapacity of an antenna, the set may be adjusted for different 
antennas so as to have no wave length gap or overlap when the 
variable condenser V C enters the circuit for the purpose of re- 
ducing the period of the circuit below its normal or fundamental 
wave length, such as when it is desired to come down to short 
wave lengths. 

Figure 3T is the same as Figure 1, with the condenser of Figure 
1 | replaced by the antenna F and the ground G, and there is also 

+The method shown in Figures 3 and 4 for securing oscillations of the 
period of the oscillatory circuit is only one means of securing the desired result. 


Any other or more preferred method for exciting the antenna or oscillatory 
circuit at substantially its own period may be used. 
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connected to the inductance a generator of radio frequency cur- 
rents in such a manner as to generate waves of substantially the 
same length as the wave length of the antenna. The signaling 
device S may be a telegraph key or telephone transmitter. 
This figure illustrates the device as applied to a transmitter. 


FIGURE 3 


Figure 47 illustrates the same circuit as Figure 3, with the addi- 
tion of a detector circuit for indicating such damped wave trains 
as may be produced in the antenna F-G by the arrival of damped 
wave trains or continuous wave signals, either or both, from 
a distant station. : 

Figure 5represents a wiring diagram of areceiver having arange 
from 150 up to about 3,500 meters on the ordinary ship’s antenna. 

The fixed or minimum number of turns in the antenna coil 
is 10 turns. The total turns controlled by the unit switch 
is 25 turns and therefore each section of the multiple unit coil 
has 26 turns. Every other section is cut off from the rest by a 
dead-end cut-off switch. 

The ratio of the gears of the unit switch to the multiple unit 
switch is 1-to-12, and between the multiple unit switch and the 


t The method shown in Figures 3 and 4 for securing oscillations of the 
period of the oscillatory circuit is only one means of securing the desired 
result. Any other or more preferred method for exciting the antenna or oscil- 
latory circuit at substantially its own period may be used. 
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FIGURE 4 


variable condenser is 3-to-1. That is, the multiple unit switch 
travels one-sixth of its circumference on the segments 3 and 0 
while the variable condenser is going from 0 to 180 degrees. 
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Tho the condenser keeps revolving while the unit switch is varying 
the wave length, it is not in circuit except during the above 
described period. Also, tho the unit switch keeps revolving 
while the variable condenser is in circuit, the circuit is then no 
longer thru the unit switch so that the inductance is not varied. 

If the detector circuit J is properly constructed and asso- 
ciated with the antenna inductance coils, the antenna is left free 
to oscillate without interference or reaction by associated cir- 
cuits and the full advantage may be taken of antenna resonance, 
The detector coil and circuit as a whole must be substantially 
non-accumulative. That is to say, the capacity which gives 
the ordinary coil and associated elements the power to accumu- 
late energy in substantial quantities to react against the antenna 
or exciting frequency must be eliminated to a point where its 
effects are no longer felt and then if this coil and the antenna 
coils are associated with the proper degree of intimacy, the an- 
tenna and detector coil act entirely as one at all frequencies and 
the maximum combined efficiency and selectivity are obtained 
without the many objectionable features of attaching the de- 
tector physically to any part of the antenna circuit or attaching 
it to an associated tuned circuit. 

I have made the essential requirements for the construction 
and association of such coils and circuits so as to obtain the 
maximum efficiency and selectivity the subject of separate 
patent applications, and will be glad at some future date to read 
a paper and describe in detail the principle and construction 
involved whereby I am able to secure for any wave length range 
equal or greater selectivity and efficiency than is secured by the 
most modern two-circuit receivers. 

Figure 6 is a photograph of a type of receiver furnished to 
the Signal Corps and is intended as the ordinary commercial 
or ship type. It is to be noted that the detector coil is movable 
with respect to the antenna coil. This, however, merely has 
the effect of decreasing or strengthening the signals, useful in 
congested areas where one does not always want the fullest 
strength of signals obtainable. А hand crank only was provided 
with these particular receivers. 

Figure 7 was taken with the front panel of the receiver off 
and shows the dial calibration card with the wave length space 
blank. When the receiver is attached to a particular antenna. 
this calibration card is taken off and the wave lengths correspond- 
ing to the divisional lines are marked in the space provided. 
This card is then properly adjusted on the receiver with respect 


505 


FIGURE 6 ; 


to the positions of the switches and incoming wave lengths are 
then read directlv. 

Figure 8 shows the calibration card removed, exposing the 
gear drive which is self-contained in an aluminum casting frame. 
The large gear is of bakelite. 


FRONTBOARD OFF 


FIGURE 7 
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FIGURE 9 
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Figure 9 is a top view showing antenna coils, variable con- 
denser, dead-end cut-off switches, and so on. All apparatus is 
mounted on the middle or bottom panels. 

Figure 10 shows the motor drive and worm gear box for driv- 
ing the receiver thru an especially designed flexible speedometer 
drive. А speed control rheostat and start and stop push button 
is also shown on the table. 


FIGURE 10 


The schematic arrangement is shown in -Figure 11. The 
apparatus to the left of the thin dotted line’ may be under the 
table or some place out of the way of the operator. The appara- 
tus to the right of the dotted line should be in easy reach of the 
operator. The clutch mechanism whereby the operator engages 
or disengages the power drive is best shown in this figure. The 
flexible power drive shaft is connected to the shaft 10 which 
thru the bevel gear 11 drives the bevel gear 12. This gear 12 
rides free on the main or hand driving shaft 15 except when the 
teeth 13 are engaged with similar teeth 13A on the collar 15A 
which turns with the shaft 15 but which can be moved in or out 
by the operator to engage or disengage the power drive as desired. 


In December, 1918, Commander Hooper, while testifying 
before the Congressional Committee on Merchant Marine and 
Fisheries which was hearing the Navy’s evidence as to why it 
thought that it should have a monopoly of all radio stations with 
reference to ship to shore business said: 


“It was found, after the stations became sufficiently 
numerous, that when one station was working another 
station would be interfered with, not because there were 
not a large number of wave lengths in this area of wave 
lengths, but in order to guarantee that all ships can inter- 
communicate and communicate with any shore stations 
they happen to pass in any part of the globe, they must 
all communicate on one wave length, which happens to 
be designated as 600 meters. That wave length is agreed 
to internationally and is in common use thruout the world. 
If that had not been agreed upon, it is obvious that ships 
choosing any wave length they wished to call the shore 
station, and the shore station listening on all wave lengths 
at the same time, they would not hear the calls. А ship 
in distress might require hours before she could reach any- 
body, and it would be a very serious situation. In fact, 
it is absolutely necessary that all ships and all coastal 
stations which are able to work with the ships should call 
and answer each other on 600 meters. Now, since that is 
necessary, it must be a matter of verv careful regulation 
to see that they do not interfere with one another. For 
example, a ship on the high seas, 300 or 400 miles (500 to 
700 km.) off the coast, wishes to send a message to Norfolk 
at the same time that Norfolk wishes to send a message 
to the ship. He calls Norfolk, and Norfolk tries to send 
a message to him on 600 meters, and Charleston begins to 
send a message to some other ship on 600 meters, and this 
poor fellow is out there where the signals come in equally 
strong from both stations, and he cannot read either. 
With hundreds or thousands of ships along the coast and 
many coastal stations all trying to work on the same wave 
length, it can readily be seen that there is endless confusion 
unless the most careful regulation is exercised.” 


Mr. Bankhead: “What sort of regulation do you suggest, in 
that connection?” | 

Unfortunately Commander Hooper apparently did not under- 
stand the question and his answer therefore did not give us the 
solution. The laws of selectivity as at present understood do 
not permit a multiplicity of stations to transmit on the same 
wave length without interference regardless of how sharp the 
transmitted wave ог how selective the receiver. += 

Commander Hooper, still speaking of this phase, said: 
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“If it were not for the fact that all the ships have to 
listen for calls on the same wave lengths and that the 
apparatus should not be tuned too sharply—otherwise 
the man listening will not hear the ship call, even if he has 
nearly the same wave length—then there would be no 
question in it as to this second phase. But the ships must 
listen on this 600 meters, and the shore station must listen 
on that, otherwise their calls will be unheeded. I think 
it is obvious that to get the best service we must have it 
under the most highly organized control. I do not think 
there will be any objection to this on the part of the com- 
mercial companies. Their objection is going to be on the 
third phase.”’ 


It is plain from Commander Hooper’s statements that the 
most convincing argument for Government ownership is this im- 
possible situation of all ship-to-shore or ship-to-ship business hav- 
ing to be carried on and all listening and all calling being done 
on 600 meters. This is true even tho the proponents of Gov- 
ernment ownership do not clearly explain, in the light of the 
international treaties and regulations and the fact that a great 
part of the ships causing interference fly foreign flags, just how 
Government monopoly is going to overcome the difficulty. 

It may now sound like a rather far-fetched prediction but I 
truly believe that if all ships at present had permission to transmit 
on any and all wave lengths and were in turn all equipped with 
some such device as the uni-control receiver, if then they all 
operated in accordance with well conceived international regu- 
lations, interference would be reduced far below anything which 
may possibly be brought about thru government or private 
monopoly. Not опу do I believe this would be true but I 
further believe that the chances for distress messages going un- 
heard would be likewise reduced, regardless of what wave length 
the ship in distress chose to send its distress call upon. 

Furthermore, it would no longer be necessary for all ships 
to quit work within the radius of the distressed vessel, except 
those engaged in helping the distressed. vessel. International 
regulation eould simply reserve à certain wave length range for 
distress business and all other stations not concerned could shift 
to other ranges and go about their normal business. 

Let us see how this might possibly be done. 

First, let us assume that the present receiver will do every- 
thing claimed for it as regards selectivity and efficiency, or that 
it can in the hands of proper radioenginecrs be made to do so. I be- 
lieve that it 1s said that with undamped single wave transmission, 
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stations the wave lengths of which do not differ less than 5 per 
cent. will not interfere. Now if the transmitters only have a range 
from 300 to 3,000 meters there are still 48 wave lengths within 
this range, all of which differ at least 5 per cent. from each other. 
As I see it, there is no reason then why at least 48 ships or land 
stations might not send and 48 land or ship stations all receive, 
or a total of 96 stations work, all within the same radius without 
using up any more of the total practical wave length range 
available than from 300 to 3,000 meters. As ships may easily 
go up to 5,000 or 6,000 meters without getting into the high 
power station range, it is seen that the theoretical limit has by 
no means been reached. 


FIGURE 11 


The reason why this cannot be done with present apparatus 
is that unless a station could know on just which one of these 
48 wave lengths it was going to be called, it might never hear 
the station doing the calling. And then if a ship should open 
up with a distress call it would probably be found that the 
stations within hearing distance would be listening on almost 
any and every wave length except the one used by the vessel 
in distress. If, however, these 48 wave lengths were consecu- 
tively and continuously being passed by the ear of listening 
operators by means of the motor driven uni-control receiver, 
no one could possibly call without being heard within a few 
seconds at the latest and once the call was heard and the receiver 
stopped at that particular wave length none of the other 47 
transmitters need interfere. 


$11 


Further to illustrate the possibilities of eliminating inter- 
ference thru the use of the uni-control receiver and still permit 
a large number of stations to work without fear of not being 
heard in case of distress calls, let us assume that there are within 
a radius of 500 miles of New York a total of 96 ship and shore 
stations, all of whom desire to pair off and work at the same 
time. This means that 48 stations would be sending and 48 
receiving after they all got into communication. 

Let us take the dial calibration card that goes with each 
receiver and divide it up into 48 sectors, each sector to correspond 
to one of the 48 wave lengths with which each transmitting 
station would be provided. Let us then number these sectors 
from 1 to 48 consecutively—Sector 1 to correspond to 300 meters 
and Sector 48 to correspond to 3,000 meters, and the inter- 
mediate sectors to correspond to intermediate wave lengths, 
no two of which would be closer than 5 per cent. from each other. 
In addition to these sectors, there would still be the division 
lines on the card and the actual wave lengths in units of 10 or 
25 meters would be marked directly on the card. 

A ship 300 miles from New York wishes to get into touch with 
a station on Long Island. He simply listens while his receiver 
makes a few complete cycles during which he will hear all of the 
stations sending between 300 and 3,000 meters. He notes the 
numbers of the sectors in which there are stations working, and 
he notes the numbers of the sectors in which he hears no signals. 
For instance, he finds that stations are working on a number 
of wave lengths, but he notes that when his receiver is passing 
thru sectors from 16 to 20, inclusive, he hears no sound. He 
is, therefore, fairly safe in assuming that the wave lengths cor- 
responding to these sectors are not being used within his receiving 
radius, and he therefore chooses sector number 18 upon which 
to transmit his call to the Long Island station. When the re- 
ceiver of the Long Island station passes thru sector number 18 
he will hear his call and will hear no other signals provided there 
are no other stations using this same wave length closer than the 
ship whieh is calling him. He would then choose this same 
wave length corresponding to sector number 18 upon which to 
answer, or he сап choose a sector corresponding to any other 
wave length which from his observation will cause the least 
interference in his neighborhood. In any event, a ship station 
will hear him about as quickly if he choose sector number 44 
as if he had chosen number 18 or number 1. The point is that 
each one chooses a wave length or sector upon which to call 
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the other which is not being used by anyone within hearing 
distance. If upon establishing communication, the stations 
find that they are actually interfering with some other station 
the choice of one or two unoccupied sectors upon which to try 
communication again would undoubtedly result in the estab- 
lishment of communication without any further interference. 

All this time, if any station should open up with a distress 
call, using any wave length of the 48 between 300 and 3,000 
meters, any of the receiving stations the receivers of which were 
stil revolving (indicating that they were not working) would 
hear them by the time their receiver made one complete cycle, 
and if by chance the transmitters were equipped with uni-con- 
trol devices as well as the receivers, the distress call could be 
sent out on all 48 of the transmitting wave lengths within a few 
seconds to attract the attention not only of those stations which 
were not working but also those stations which were. 

To accomplish these results neither Government nor private 
monopoly is necessary, but only such international regulations 
as would compel all ship and general public service shore stations 
to be provided with the same 48 wave lengths upon which to 
transmit, and also to be provided with uni-control receivers 
with dial cards divided into 48 sectors corresponding to the wave 
lengths of the transmitters. 

The main purpose of this paper is to point out some of the 
results which might become possible thru the introduction of 
such a receiver as the uni-control into general use. 

In order to encourage radio engineers and operating com- 
panies to give the matter due thought and at least attempt 
in some measure to realize some of the results pointed out as 
possibilities, the Government and such reputable radio concerns 
as may wish it, will, for a nominal royalty, be given a license 
under such patents as may issue. 

No attempt was made by me to get any department of the 
Government to purchase or use the receiver. It was spoken of 
to representatives of the Bureau of Steam Engineering some time 
ago, but they said they would not be interested in new devices 
during the war. 

The original sample was given to Dr. Austin in order to 
secure a comparison of this receiver when tested with other 
receivers available in the Navy Department. His report was 
that the receiver compared quite favorably with other well 
constructed receivers as regards selectivity and efficiency but 
that he could see no particular advantage in the uni-control 
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feature. This is the first attempt I have made to argue its 
possible advantages. The only ones sold have been some which 
were sent to Colonel Krumm in France, who happened to know 
of my efforts while he was Chief Radio Inspector in the Depart- 
ment of Commerce, and who cabled for them thru General 
Pershing. 

The wave length ranges and the number of wave lengths 
which might be used without interference, as mentioned herein, 
are for illustrative purposes only, and are given simply to illus- 
trate the idea and possibilities of this type of receiver in con- 
nection therewith. 
` J have not attempted to go into the advantages of this type 
of receiver where inexperienced operators only are available, 
and neither have I attempted to point out the many valuable 
uses to which a uni-control receiver could be put in simplify- 
ing the work of the average ship operator, whether or not it 
was desirable to use the motor drive feature and take advan- 
tage of the possibilities opened up thru its use. 

Undoubtedly the mechanical construction of the receiver 
can and, in the ordinary course of events, would be designed 
to meet the requirements to which the receiver would be put. 
I have simply shown circuits and mechanism which will serve 
all the requirements of a ship or general public service land 
station set, utilizing the range of wave lengths now generally 
employed in such receivers. 

I have not attempted to describe a receiver whieh will cure 
all of the troubles inherent to radio communication, but have 
simply described one which I believe will certainly add noth- 
ing to the complications already existing and which may, and 
in fact should, without doubt, make it much easier for the 
operator to secure such results as he secures at the present 
time with the additional possibilities outlined herein and 
others which will undoubtedly suggest themselves to other 
workers. 

If thru this paper other companies may take up the sub- 
ject and determine the full possibilities thru practical appli- 
cation, I shall consider that my work has not been entirely in 
vain. 


SUMMARY: The design and construction of a receiver, operating efficiently 
and selectively over a long range of wave lengths on any antenna of ordinary 
dimensions, and controlled by a single handle, are described in detail. The 
addition of a motor for driving the wave-changing adjustment continuously 
is shown. 

The possibilities of such a receiver for the solution of the interference 


problem are discussed. 
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DISCUSSION 


John V. L. Hogan: Mr. Thompson’s admirable paper has 
brought out clearly the fallacy which underlies our present law 
on radio signaling. The combination of first requiring a certain 
definiteness of tuning to minimize interference, and thereafter 
forcing all public service communication to proceed upon a 
single wave length is, from the commercial viewpoint, worthy 
of Alice in Wonderland. From the opposite side, however, it 
should be noted that by confining the business of radio to a narrow 
zone of wave lengths and restricting the breadth of tuning so 
that little interference can be produced outside of that zone, 
the activities of the commercial companies are effectively limited 
while the governmental stations are virtually unhampered. 

The limitation of radio apparatus, to which Mr. Thompson 
refers as a basis for the present law, surely need not exist. He 
proposes that all stations be permitted a substantially free choice 
of transmitted wave lengths, and that each be equipped with a 
receiver which will “sweep the ether" with sufficient rapidity to 
intercept any and all calls, upon whatever wave they may be 
uttered. This resolves itself into two main elements: (1) a re- 
ceiver which will respond to successively different wave lengths 
and which is controlled by a single motion, and (2) a mechanism 
to adjust the receiver continuously and repeatedly thru its wave- 
frequency range at a definite rate. 

I cannot endorse too heartily the value of the uni-control 
feature in either a receiver or a transmitter. In my experience 
with the conditions of commercial and military radio operations 
I have found a well-tuned receiver to be the exception, whenever 
primary and secondary circuits were separately adjustable. 
Frequently the difficulty of establishing or maintaining com- 
munication has been traced to nothing more than a failure to 
tune in a proper manner both circuits of the receiving apparatus. 
As the International Radio Telegraph Company and its pre- 
decessor, the National Electric Signaling Company. have long 
realized the use of a single variable element for adjusting, the 
entire receiver will eliminate much of this trouble. I may say, 
without going into further detail, that we have built simple 
apparatus embodying this single-variable or uni-control feature, 
and that our demonstrations have convinced us of its great 
utility. With it we have invariably been able to pick up signals 
of unknown wave length in a time much shorter than was pos- 
sible with the separately adjustable circuits, and frequently we 
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have discovered and copied messages arriving thru interference 
which obliterated them when broadly tuned or closely coupled 
secondary circuits were used. I feel that the single variable 
tuner should come into extensive use, and that thru it we will 
be able to solve many of our traffic problems. 

As to the second factor, I do not feel so sanguine. It re- 
quires a definite time, of say five seconds or more, to recognize 
a station call in Morse, and at least this interval should be spent 
in listening on each wave length within the range of the receiver. 
If we should use the 48 wave lengths proposed by Mr. Thompson, 
it would require four minutes to complete the cycle and to begin 
again; manifestly we should be likely to miss many important 
signals on the momentarily silent or detuned wave lengths. By 
reducing the number of waves used this difficulty would be cor- 
respondingly diminished in importance, but at the same time the 
possibilities of sinultaneous signaling would be cut down in 
proportion. I still incline toward the plan of using a specified 
wave length for all calls and distress signals*, and, by the utiliza- 
tion of single-control senders and receivers, passing to other free 
but officially determined wave lengths for the transmission of 
messages immediately after communication has been established. 
Since all receivers and transmitters remain normally at the 
"ealling" frequency, and since traffic is entirely on other fre- 
quencies, this plan should give the maximum protection to life 
and property at sea as well as the maximum freedom for sim- 
ultaneous transmission of messages by radio. | 

Mr. Thompson's receiver appears to vary the tuning of only 
the antenna circuit. It seems that this process will not give the 
greatest signal intensity combined with the greatest selectivity. 
I am sure that all of use will await with interest Mr. Thompson's 
future paper, which he hints will reconcile the conflicts that, in 
our present views, limit selectivity of spark signals by the rate 
at which energy is drawn from the tuned receiver circuits. On 
the whole, however, we should be gratified by the progress which 
is indicated in the design of the apparatus deseribed in the paper, 
and we should join in congratulating Mr. Thompson upon his 
work. 


*Compare "International Radio-Telegraph Congress," Hogan, ''Elec- 
trical World," New York, June 22, 1912. 
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ON THE THEORY OF RADIOTELEGRAPHIC AND 
RADIOTELEPHONIC RECEIVER CIRCUITS* 


By 
J. Е. J. BETHENOD 


(PARIS, FRANCE) 


In two previous papers (see: “Jahrbuch der drahtlosen Tele- 
graphie und Telephonie," 1909, volume 2, number 6, page 603 
and volume 3, number 3, page 302) I have already published 
the general conditions which will give the greatest efficiency for 
a receiving set, when the detector (a bolometer, for instance) 
is inserted in the secondary oscillating circuit. The first object 
of the present publication is to extend these conditions to receiving 
sets in which, as is more usually the case, the detector D (a valve 
of any kind) is (Figure 1) connected across the terminals of the 
secondary tuning condenser Сз, апа a condenser К of relatively 
high capacity is shunted across the telephone T. A further ob- 


FIGURE 1 


ject is to present some formulas concerning the best adjustment 
of capacity К and of the constants of the telephone Т, especially 
in case of a beat reception. In this connection, the theory of 
the “approximate rectifier” (see B. Liebowitz, "Quantitative Rela- 
tions in Detector Circuits," PROCEEDINGS oF THE INSTITUTE 
оғ Rapio ENGINEERS, volume 5, number 1, page 33, 1917) is 


* Received by the Editor, December 3, 1918. 
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established in a novel manner. For greater clearness, the latter 
subject will be treated partially in the first portion of this paper, 
this serving as an introduction to the remaining portions. 


I. THE APPROXIMATE RECTIFIER 


Instead of presenting the characteristic of an approximate 
rectifier by: 
[= V +a: Vi +a; ү? + roe ng 


as proposed by Н. Brandes (‘‘Elektrotech. Zeitschr.," 1906, page 
1,015), Tissot, and Licbowitz (former citation), we prefer to 
employ the power series: 


V=pl4+of24+rh+ JEN (1) 


where the current and the voltage are denoted by J and V; and 
the magnitude and the sign of the coefficients р, с, 7 are deter- 
mined by the shape of the characteristic. 

As a rough approximation, we limit the power series (1) to 
the term of second degree: 


Ё=р1—ут1, (1’) 


and this term will be taken as negative, as shown by a com- 
parison with the first method of expansion, in which the co- 
efficient a» is positive (Liebowitz, former citation). 
1—Suppose now that at time t, the current thru the con- 
denser C; is J, and the current thru the telephone T is 7. 
Keeping in mind equation (15), the Ohm and Kirchhoff laws 
give the following equation: 


o= f (14-J) и+е f 14-2 f racen f idt 


since the average value of the emf. induced by the primary wind- 
ing is zero, if this emf. is periodic (sustained or weakly damped 
waves) and if the limits of integration are sufficiently separated. 
But, under the same conditions, we may write: 


{sao 


and (2) 


fia fi dt 


which means that the average currents thru the condensers are 
both zero. | 
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It follows that: 


2 کے‎ 2 5 7 
fiar- jo E а f Pat: (3) 


consequently, the average current thru the detector D (or the 
telephone) is always different from zero, as well as the square 
of the effective current. 

This result illustrates clearly the rectifying property of the 
detector. Further, if we employ an electromagnetic (polarised) 
ammeter and a hot wire apparatus, the sensibility of which is 
sufficiently high, formula (3) will easily permit the experimental 
determination of the coefficients р апа с. Denote by у the ratio 
лай, 
та 
means of additional resistance, plot a curve (Figure 2) with dif- 
erent values of y as ordinates and the correspondent values of 
this sum as abscissas. The curve thus determined from (3) is a 


The variation of the sum R+r, being obtained by 


NEC Rt Lae Pn ae са 
P RR 


FIGURE 2 


straight line, and it cuts the horizontal axis at the point S, the 
distance of which from the origin O is just equal to p; the co- 
efficient с is given then by 


E _ 
` tan Y 
Since the relation (1’) is only approximate, the experimentally- 
determined curve may differ from a straight line, and it is thus 
possible to obtain in each case the degree of SDDEOXIBIS OR: 
2—Put 
І =1,зіпОі+1, sin Q't+7; | 
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the equation (1°) then becomes: 
V =р1»зїп О {-+Ер 1; sinQ't+pi’ 
—@1'[21»вїп О!-+Е+21,' sin Q't+i'] (4) 
—o (I; sin Qt+I sin Q't)?. 

In this expression, we may neglect the term which contains 
ci’ as a factor, if both these quantities are sufficiently small.’ 
The application of Ohm and Kirchhoff laws to the secondary 
circuits of Figure 1 thus proves easily that the current 

I» sin Q ET gin Q't 
may be considered as produced by an emf. 
Е, sin (Q.t+7) +E,’ sin (0't-- 7^), 
induced in the secondary winding, and that the current 2’ flows 
simultaneously as the result of an emf. 
e=o (І, sin Q t-- I5! sin О'{)?, (5) 
which originates in the detector D, regarded as a generator of 
internal ohmic resistance p. Of course, according to relation 
(4), this detector acts as an ohmic resistance of this same value p 
so far as the flow of the current I» sin О t-- I;' sin Q'’t is concerned. 
Finally, the emf. E» sin (О t-- y) will be taken as the emf. of radio 


frequency И - induced from the primary winding, while the emf. 
л 
Е, sin ('t-- y^) is furnished by а local generator (not indicated 
ГА 


in Figure 1), the frequency of which d is given by 
Q'- (14-c) О, 
where e is a small fraction. 

This local generator is the “heterodyne” oscillator of the 
receiving set, and when J,’= 0, we obtain the case of the radio- 
telephone receiver. We can now determine the best conditions 
for the use of a given detector. 


II. THE RADIO FREQUENCY CIRCUITS 


According to the above mentioned results, we may write, 
using the customary complex method and taking j= V —1: 


1 
0=r (1+3) +190 (1. +J)j+M Q T, jp Is, (6) 
"E 
с.о? 2 


1 This assumption will be further justified. 
? See M. Latour, "Electrical World," April 24, 1915. 
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In these equations we denote by: 

E, the emf. induced by the waves, per centimeter of length of 

the antenna; 

l, the effective length of the antenna; 

R,, Іл, and Ci, the resistance, inductance, and capacity of the 

primary circuit (including the constants of the antenna); 

I,, the primary current; 

M, the coefficient of mutual induction between the two circuits; 
the other symbols having the same significance as above. 
The capacity K is supposed sufficiently large to prevent 

the flow of any radio frequency current thru the telephone T. It 

follows that: 
1 


El=Rh+ (1, 05 3, 1,1+М О 1„7— МС 0° P Is, 
1 


0=M О17]-+[»-+Ер (1214€; 0?)] +Q (Lo+r2 Cs p) I:J. 

In order to find the conditions for which the maximum current 
I; is obtained, it is possible to employ the method published 
in the "Jahrbuch." But we prefer to utilize a general theorem 
which is a very useful one for solving such a problem. Let 4; 
be the phase displacement between E and Jı; from the principle 
of conservation of energy, and taking account of the third of the 
equations (6), we have: 


ElI, cos$,=R,1,2+r2 (I? -J?) +p 122 (effective values), 


(7) 


or 
Ell; COS ф,= В, 1," + [ra (1+C 1? p?) +p] I. 


But we may always write: 


h-2Xl, 
where the coefficient X is a function of the constants 
C, Lı, М, Із ° + °‘, and soon. We obtain finally 
X Е1 соз ф, 
LS LS 
* Rer (1+ C2 0? p*) +p] X? (8) 
The angle ф, is a function of the various constants Cı, Lı, M, 
L; . . .,andasthe number of these constants is sufficient, 


we can choose ф, and X as independent variables, for a given 
value of С. The maximum of 7; occurs then when: 


cos $i =] (9) 
and 
Rı 
X?= А 
ra (1+C2? Q? р?) +p (10) 
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As r» is generally very small, we may write approximately: 


Е, (10’) 
From (8) and (9) we get 
El 
I2--- (effective values) (11) 
2 В, 


Hence, when the current 7; is a maximum, the primary current 
is in phase with the impressed emf. and the primary losses are 
equal to the power delivered to the secondary circuits. When 
applied to the first of the equations (7), this gives immediately: 
R= (í,8- unie O1j-MC. Q? p Is, (7^) 

1 


and therefore, eliminating the ratio a we obtain the two fol- 
2 


lowing conditions: 


R, [+ p (1—16; О>) |+0 (Le+ гә С» р) (no-i) = М? Q, 
1 


R, О (L2+12C2p) — (20 i za) [+P (1— 1502 02)] = М* ОзС,р. 
134. (f2) 


Discyssion: We shall now briefly discuss these conditions: 
(a)—From (8), (9), (10), and (11) the maximum secondary 
current 1s: 


(8°) 


I mar ^ re و‎ “Eee ENG ux ote = ш a 
| 2 VR, Vra (12-C2 02 р?) +p 
and the radio power supplied to the detector 
EPP, 
4 Р. [r2(1+C2? Q? p?) +9] 
This also increases when С» decreases, and the limit is 
ELp | 
4 №; (7+ p) 
= (b)—When C;7 0 (aperiodic receiver) the formulas (12) are 
reduced to: 


У: тах ^ 


Р, (r+ p) +L (i 0 — Jg) = M? 02, 
CiQ 
1 (13) 
CNA LA 
Ry, B ra +C 
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L, (Y 


a result which agrees completely with the formulas of my precious 
papers, derived by quite a different method. 
(c)—It is impossible to assume simultaneously : 


О? L,C,- О? L C,=1, 


because of conditions (12). | 

[ (d)—Eliminating M between these conditions, we obtain a 

relation which will be fulfilled by the constants Li, Ci, Le, Cs, 
before coupling. | 


III. THE AUDIO FREQUENCY CIRCUITS 


The formula (5) can be written 
= © (1.2 DIE E ИЕ РУТ К 
е P: +”) 512 cos 2 01 91 cos 2(1+)0 t (5) 
—o 1,1.’ cos (2+) Qt+0 1, Ia cos « Nt. 


We retain only the first and the last terms, because the others 
cannot produce any sensible current thru the telephone T, as 
the correspondent frequency is too high. 

Thus, the emf. e may be considered as the sum of a direct emf. 


eu = * (I2+1,”), 


and furthermore of a sinusoidal emf. equal to? 


ГА 
е. = с l: Icos wt; 


o Q . 
TA "s will be chosen sufficiently low to 


give a musical tone in the telephone (beat detector). 

We will consider now two cases: 

(a)—I,’= 0. In this case, the direct current which flows 
thru the telephone (or polarised galvanometer of any kind), 
according to the preceding considerations, is: 


Е с І," 

lds. ем, 14 

° 2(т+р+К) bu 

and as the ampere-turns are proportional to product Z,4/ R, the 
effect is a maximum when 

R=r:+P; (15) 


3 This expression, of course, is valuable as long as the approximation (1°) 
is admissible; if this is not the case, the computations are very complex. 
Further, when the coefficient o is sufficiently small, the products bv this fac- 
tor of the currents corresponding to the emf. eg and e, will be negligible, and 
the approximation which leads to the relation (5) is then justified. 
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where the frequency 


This condition determines the number of turns of the winding, 


when its volume is given. 
(b)—I2’>0. This is the case of the best reception. We will 


suppose that the reactance wl, and the susceptance «C; are 
negligible, and write (where j= 4/ — 1): 
е. 7 (т+{Ер)ї +L wigi +R ig, 
" E 
eL Wing +R ig: 
Eliminating 7,, we get: 


Rep) (1—90 К) + о+(%+р) KRo]j, (16) 


a relation which can easily be discussed by means of the diagram 
of the Figure 3, in which: 
О P=ret+p+R, 
PFQ-L о, 
HO-(ritp)LK ot, 
| Н A=(r2+p) К Ко, 


L в) 
t Әд = > 
апд R 


Qe юу, a 
: i 


and, therefore, 


ОА =“. 


la 


From (16) we see that the audio frequency current % is 
proportional to the product of the secondary current I: by the 
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current I’ induced by the local generator (heterodyne), as has 
been shown for the first time by Mr. Marius Latour (former 
citation). 

If we then change the value of the capacity K, the locus of the 
point A is the straight line ОХ, and the maximum of 2, for a 
given value of ел, occurs when the point A reaches the point N, 
QN being perpendicular to О X. It follows from an inspection 


of Figure 3: a 
op- Р. .9N, 
lano sino 


T ^ „22 
ог K= L _ sindcosd _ зіп? д (17) 


REP oR æl 
Consequently, the best capacity is independent of the constants 
of the detector. 

The current 7, is then: 

иа еа з= м ш (18 
м у [R+ (т%-Ер) cos? à +[R tan d+(re+p) sin д cos д}? ) 
The effective ampere-turns are proportional to the product 
iV R, and the ratio ee =іапд may be supposed to be con- 
stant. 
The above product is therefore a maximum when: 
R= (7 +р) cos? д. (19) 

It is interesting to compare conditions (15) and (19) which 
may differ considerably from each other in practice. 

It may be further mentioned that the adjustment of the num- 
ber of turns of the winding can be avoided by means of an 
audio frequency transformer, inserted between the condenser К 
and the telephone T, as proposed originally by the late Mr. 
Jégou.* The transformation ratio a of this transformer will be 
easily adjusted to the best value 


R 1 
= X 
Ы V5 сов д. 


according to the previous formula. 
The use of this transformer also avoids the flow of the 
direct current 7, thru the telephones. 


SUMMARY: Proceeding from a theory of the approximate rectifying de- 
tector, the most advantageous proportioning of the constants of the secondary 
circuit of a receiver is obtained. The constants of the most desirable tele- 
phone winding and the value of the most suitable telephone shunting con- 
denser are then derived. 


‘Mr. Jégou was a radiotelegraphic expert with the Army of the Orient. 
He died at Florina Hospital in 1917. 
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DETERMINATION OF RATE OF DE-IONISATION OF 
ELECTRIC ARC VAPOR* 


By 
Henry С. CORDES 


(Rapio RESEARCH ENGINEER, BREMERTON, WASHINGTON) 


A direct current arc in a vacuum 18 maintained by the ionis- 
ing effect of the current. When the current is stopped for an 
instant the gas between the arc electrodes becomes de-ionised. . 
The rate of this de-ionisation can be determined by the method 
here outlined provided certain quantities can be measured with 
sufficient accuracy. 

At the instant the current thru the arc reaches zero the 
cathode is incandescent and the gas between the electrodes is. 
ionised. The rate at which the gas becomes de-ionised depends 
upon the ionising effect of the incandescent cathode and upon the 
rate that the ions disappear from the gas. 

When the arc has been extinguished the potential required to 
re-ignite the arc depends upon the time that the are has been 
extinguished. The re-ignition potential also depends upon the 
kind and pressure of the gas surrounding the electrodes. The 
kind of gas is largely determined by the material of the electrodes, 
especially the cathode. According to Dr. Steinmetz the mercury 
arc in a good vacuum may not restart when extinguished for 
a few micro-seconds. 

Figure 1 shows an arrangement for determining the rate of 
de-ionisation. 

A current I flows thru the circuit В, —L,—r,—V; where В, 
is a source of direct current, L, is the inductance of the circuit, r, 
the resistance of the circuit and V, is the valve to be tested. 
The battery В; and switch SW are used to prime the valve V, 
and SW is then opened. 

Close the switch S-1. This closes the circuit B; —L— R — V,— 
C where B; is a source of direct current, L is an inductance which 
is small compared to L,, Ё is a resistance, and C is a condenser 
of capacitance C. Current will flow from B; to C until the latter 


* Received by the Editor, February 6, 1918. 
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is charged to a potential E; —E,, where E; is the potential of Bs 
and E, is the drop thru Vj. 


70900090000 т 


— Bl | PorSNTIAL DRAP 4 
= E ^E 4 
= +[ sw 

= 83 


FIGURE 1 


Transfer S-1 to 8-2 quickly. If the value of E; —E, is less than 
350 volts, then no spark will pass until S is less than 5x10~* em. 
from 2 (See J. J. Thomson’s “Conduction of Electricity thru 
Gascs," Ist. edition, page 361). Let S move toward 2 at the 
rate of 10* em. per second; then the time required to pass from 
the sparking potential to actual metallie contact between S and 
2 will be less than 5x10 7’ second. 

The valve V2 is a constantly primed mercury vapor valve 
the sparking potential of which to inverse current is greater than 
the sparking potential of valve V, which is to be tested. 

Assuming E; sufficiently large, the effective discharge of C, 
thru Vi, R, L, and Vs will momentarily extinguish the arc of 
valve V, and charge C in the opposite sense to a potential E,, at 
which the arc is re-ignited. The potential of C increases to Em, at 
which instant all the current passes thru the arc again. 

Figure 2 shows graphically the potential and current relation 
of C. The condenser C is part of two circuits; the discharge cir- 
cuit, C У, —L — У, and the charging circuit В, —L,—r,;—L— Уз 
— С. 

The extinction and re-ignition of the are as described above 
consists of three partial oscillations. The first partial oscillation 
takes place in the discharge circuit during the interval from the 
instant of initial discharge of C to extinction of the аге. The 
second partial oscillation takes place in the charging circuit dur- 
ing the interval of extinction and re-ignition of the are. The 
third partial oscillation takes place in the discharge circuit during 
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the interval from re-ignition of the arc until the current thru V2 
reaches zero. 

The ratio between the re-ignition potential E, and the duration 
of the second partial oscillation is a measure of the rate of de- 
ionisation of the are vapor. Other quantities remaining constant, 
a decrease in the capacitance C will increase the slope of ез; Т will 
decrease; and E,, the potential of C at re-ignition, will decrease 
due to less time for de-ionisation of the arc vapor. 

The potential drop thru V, and V; is nearly constant for dif- 
ferent values of current thru the vacuum tubes. 


First PARTIAL OSCILLATION 


Let à, be the instantaneous current in the discharge cireuit 
during the first. partial oscillation. 

Let L be the inductance, € be the capacitance, and R be the 
résistance of the discharge circuit. Equating potentials in the 
discharge circuit. 


иван f^t ro (1) 
'The solution of (1) is 
i m6 sin(wot4-t) (2) 
R l1 m 


where and J, and @ 


= و‎ w = | со Ру 
2L NLC AL? 
are constants to be evaluated. 
When ¢t=0, then i 20, therefore 0 20 or z. From Figure 2, 
d. | 
ai is negative when t =0, therefore 0 = х. 
When ¢=0 the potential of C is E;—E, Substitute these 
initial values in (1) and the equation of initial potentials in the 
discharge circuit is | 


| : 11680 
р | —E,-|R à]? -E,--E; -E, 2-0 (3) 
( 
E,—E 
Е eM 4 

or, Г, ol ( ) 
When t=7,, then 4,2 —I. Substitute these terminal values 

and (4) 1р (2) 
— [= E;—E, еті sin(eT,4-z) (5) 

(0 


: 30 


From (5) TE 
€ 1 MES wLI 
Т, = QU" eB) neh | (6) 
from which Т; can be evaluated by one or two trials. 
When t=I,, let the potential of C be Е. Substitute these 
terminal values in (1), 


а |" 
E 2] —E,--[R i] "+E, -E,—0 (7) 

From (4), (5) and (7) 
E, = (E; -E,)e *" cos o Т, Ба I —E,4-E, (8) 


From (6) and (8) 
E,=V(E;—E.)? e-2*" -(oLI)-aLI—E,-E, (9) 
The value of « may be determined by discharging condenser C. 
Let I, be less than J. Then the аге will not be extinguished by 
the discharge of C. Let the initial potential of C beE;' and let E, 


be the potential of C at the end of a half cycle when 1, becomes 
zero. Then wt=7z, which substituted in (1) gives 


че" | 
|z A ”—E,+E,—Er=0 (10) 
Equation (10) reduces to 
8 
(E; —E,) 2 —E,+E,—Er=0 (11) 
wheres S | 
w 
From (11) 
2 ЕБЕ C C 
эсе. i u 12 
e OE (12) 


SECOND PARTIAL OSCILLATION 


At the instant when the arc is extinguished the direct current 
circuit becomes the charging circuit which 18 an oscillating current 
circuit. The condenser C is charged initially to a negative po- 
tential E,, which is the first partial oscillation terminal potential 
of C, and its value is expressed by equation (9). Another 
‘initial condition of the second partial oscillation is a negative 
current 7 flowing in the circuit. Let E, be the potential of C 
when V, is re-ignited. If the line inductance L, is large com- 
pared to L then the re-ignition potential of V, will be practically 
E,t+E,4+I1R. The capacitance C must be small enough to make the 
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rise of potential of C rapid and approach a linear function of the 
time as shown in Figure 2. The current is theoretically a max- 
imum when {= Т. 

In the charging circuit let r;—resistance, L= inductance, 
and C = сарасиапсе. 


r2 1 т»? 
Let m= —- =,/ —.——+.. 
dk 2L; ано, Ae RE C 41, 
L= L,+L and resistance т =т„-- Ё. 


The inductance 


The equation of potentials in the discharge circuit is 
TNAM ind t_ 
E +L» dt Tru p. f C = 
The solution of (13) is 
t, = I. g 92! gin («we (— P) (14) 
where I; and P are constants to be evaluated. 


Referring to T,, of Figure 2, B-oT,4 5. 


0 (13) 


When (20 then = —I. Substitute these initial values in 
(14). 

I= sin В (15) 

When t=0, the potential of С is E,. Substitute these 

values in (13) to get the equation of initial potentials which is 


di |'7? . =0 
E+ bri +[% 2] Е, Е =0 (16) 
Егот (15) апа (16) 
Е — ow LN I$—1*o-aL,1—r;I—E,4-Ey 20 (17) 


From (17) 
1 nA tg te ey 
Г, = ah V (Ey +E —E,„— ua La 1)? ++ (wL: Г)? (18) 
t02 La 
From (15) and (18) 


ПОРИ 
И Е Е cabal (19) 
When the current 2; charges С to a potential E,, ће arc V, is 
re-ignited. The value of E, depends upon the time T; between 
extinction and re-ignition of V, and upon C, Гр and E, At re- 
ignition the following terminal potential relations exist in the 
charging circuit. 


E+, 


t-T»2 
dt | + [rs iJ mae Е, =f, = 0 (20) 


532 


which, reduces to 


E pean m (E,--E—E Е 


817 соо Т» 


—(E,+E—E,,) cos «ws т.) 
—E,—E,=0 (21) 


Equation (21) expresses a relation between Т and E.. 

The value of E, will be obtained from E,, in the third partial 
oscillation. 

Solving (21) for T, 


1 (Ea +E, —E)e7: 
T= — | sin UG d. NUM 
U 
=| “ا‎ (EFE E Î "TS E-E.) 
2 
E E,-TE—E,  —— 
pU up (22) 
а (E, +E- —E,,) 
(02 (023 


When « is negligible, (22) reduces to 
Т, = b [Ж «С (Е.Е, Е) 
со? VI +w? (Ey +E—E,)? © 
uan C (EAEE) ag 


In (21) let a=0, let sinc; T;— о, T, and let cos wa Т, = 
then 


n= (Ea +E») (24) 


Equation (24) is based upon the assumption that L, is in- 
finitely large and that J is constant during the interval Т». 
Let the charging current at the instant of re-ignition be —I’; 
then from (14) and (15) 
It^ a2 Тг 


-I'2——— sin B зїп (@»Т»— В) (25) 


THIRD PARTIAL OSCILLATION 
The third partial oscillation is similar to the first except that 
the initial potential and current in the circuit is different. 
Equations (1) and (2) apply except Л, and 0 will have differ- 
ent values. Call these values 7; and % then (2) becomes 
13 = I; € ^ "'sin (wt —Ф) (26) 
When {=0 theni;=—I’. Substitute these initial values in 
(26) | 
I'= lsin ¢ (27) 
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Let Em be the potential of C when Г, =0 and t= Ф =T}. 
w 

Then from (1) the equation of terminal potentials is, 

‚ 1, =Тз 

В a —E,+[r ù] +E, -Emn =0 (28) 

from which 

wL I: *" —E,--E,-E,—0 (29) 
From (27) and (29) 

1 a —a T3 
ф= оТ = sin пас (30) 


EntEu —E, 
from which ¢ or T; may be evaluated by one or two trials when 
a Тз is not negligible. 
Since E, is the potential of C at re-ignition equation (1) 
becomes 


d i|? -1t=0 
LU —E,,+[R i] *?--E, E, =0 (31) 
from which 
 E,-oLlIscosó—aLI' —E,+E,. (32) 


From (30) and (32) 
Е„= (Е.Е, Е.) ee — (wll +E, —E,—aLI' (33) 


To evaluate E, from (33) assume I’=I and solve for E,. 
Use this first trial value of E, in (24) and solve for T;. Use this 
first trial value of Т» in (25) and solve for I’. Use this value of 
I’ in (33) and (30) for a final value of E,. A practically exact 
value of Т» may be obtained by using these values of Т» and Е, 
in (22) or (23). i 


DE-IONISATION CURVE 

To show the rate of de-ionisation graphically a curve can be 
plotted for different values of E, and T». In order that the con- 
ditions for de-ionisation remain constant it is necessary to main- 
tain J, E,, R, and E, constant. From (24) is seen that T? 
must be changed by varying C. To keep E, constant, (9) 
shows that E; wL, and I must remain constant. 

This curve will show the de-ionisation characteristics of an 
arc under given conditions. To compare an arc under different 
conditions of electrode material, temperature and pressure the 
ratio a will indicate the relative rates of de-ionisation when 


› 
either E; or Т» is assigned a definite value. 
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Figure 3 shows the general form of a 7-Е, curve. As the 
capacitance C is increased the potential of C rises more slowly 
while the re-ignition potential E, rises. By keeping E, —E,—1 R 
constant, the inverse potential impressed upon the valve will 
not affect the value of E,. 


Q 
E 
z 


Another important curve will be obtained by plotting E, 
and E, in (24) while Т, J and C remain constant. E, can be 
varied by changing the initial potential E;. The effect upon 
E, of changing the inverse potential upon the valve can thus be 
ascertained. 


NUMERICAL EXAMPLE 


The application of the preceding equations can be illustrated 
by assuming values for the quantities which can be measured.  . 

Assume E; 290 volts, E, =E,=20 volts, and Ёт= 63.4 volts. 
From (12), 020.2. 


Let Т„= ; —the natural period of the discharge circuit. 
Assume f —105 and C =0.2 wf. 
10° 10" 
Then L=—> w=27. 105, oL- 7! a=0.2 . 105, 


-- 


8л? 
10 
aL= r and Т,=10 micro-sec. Assume Ё;=110 volts and 
I = 10 amperes. | 


From (6), T,20.663 micro-seconds, and from (9) E,= 24 volts. 
In (30) and (33) assume J’=Z and Е,„= 500 volts. Then 
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T;=0.25 micro-sec., апа £,=491.5 volts. Substituting in 
(24), T,=10.3 micro-seconds. Since R-2fLo, R=0.5 ohm 
and R=516.5 volts. 

These values of E; and Т» are based upon the assumption that 
L, is infinitely large. i 

Assume L;-100L апа E=110 valía: 

E-—E, 
po 

The natural period of the charging circuit is then 7',— 100 
micro-seconds and о = 27 · 10*. 

Substitute this value of ws in (25), then I’=7 amperes. From 
(30) and (33) E,—495.2 volts, and Е, = 520.2 volts. 

Solving (22) completely, «a Т = 38.6° and Т»=10.7 micro- 
seconds. Ар error of only 4 per cent. was made by assuming 
L, to be infinitely large. 

The value of L, must be determined for a natural period of 
100 micro-seconds. An iron magnetic circuit will increase the 
inductance and energy stored ina given coil. During the time Te, 
part of this energy is transferred to condenser C and part is dis- 
sipated by eddy currents in the iron. Other conditions remaining 
the same, the ratio of energy transferred to C to energy dissipated 
by eddy currents in L, decreases with a decrease in capacitance C. 
In other words, L, is variable when its value depends upon the 
presence of iron. Iron should therefore be used only when L, 
is to be considered infinitely large. When no iron is used, the 
source of the direct current should be a generator shunted with 
a large condenser or a battery. 

The charging current circuit resistance r, must be so con- 
structed that its value will be the same for a current of penoa 
of 100 micro-seconds as for a continuous current. 


From r, = =9 ohms. Sincer:=r,+ R, г = 9.5 ohms. 


STARTING TERMINAL 

The effect of a starting terminal on an electric arc valve will 
reduce the re-ignition potential. 

Figure 4 is similar to Figure 1 except that V, is provided with 
a starting terminal T the presence of which will reduce the re- 
ignition potential Ёл. The effect of a starting terminal is il- 
lustrated by the starting band of a mercury vapor lamp. 
The potential between T and K is the same as the potential 
of C. It may be made less by dividing C into a number of 
condensers in series and connecting Т to a point between the 
condensers. 

-In Figure 4, the valve V2 is not a constantly primed valve. 
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The switch S may be moved slowly from 1 to 2 and a sufficient 
potential impressed upon C, for a spark to pass from F to К, 
which will prime V2 and allow C to discharge. When this 
method of discharging C is used the potential E; may be made as 
high as desired. 


000000001 0) 4 + 
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The re-ignition potential E, may be increased by placing the 
arc in a magnetic field. "This is illustrated by the Poulsen arc. 


INvERSE CURRENT 

The maximum inverse potential impressed upon V, is 
E,—E,—I R. This potential will produce inverse current 
which is difficult to measure at high frequencies. The follow- 
ing arrangement is suggested. | | 

Figure 5 is similar to Figure 4 except the additional valves 
Vs and V, have been introduced and T omitted. All current 
passing from anode to cathode in V; passes thru V,, but all in- 
verse current thru V, passes thru Vs. Place a transient-current- 
. indicating device D in series with V3. Then D will indicate the 
inverse current thru Vi. The value of E, in the equations will 
be the potential drop thru V, and V, in series. 


FIGURE 5 
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It may be possible, with this arrangement to ascertain the 
cause for the inverse discharge at the beginning of each half cycle 
іп a mercury vapor rectifier. (See “General Electric Review," 
October, 1913, page 701.) 


REMARKS 


There is а minimum current which will sustain a given arc. 
The maximum amplitude of 7; may be less than J and still the 
arc will be extinguished. If the arc is not extinguished, the final 
potential of C will be Er, which is less than E;, but when extinction 
takes place the final potential of C will be Em, which is greater 


than E; To extinguish the arc the ratio JE must be less than 


E; —E, 
I 
positive. In order to use a low potential for E; it is necessary to 
make L very small when the natural period of the discharge cir- 
cuit is a micro-second or less. If V; in Figure 1 is omitted, V, 

will probably be permanently extinguished. 

The relation between E, and Т» for an arc in mercury vapor 
at low pressure will probably be expressed in hundreds of volts 
and a fraction of a micro-second because of the known quench- 
ing action of mercury vapor. 

The equations of the first and second partial oscillations are 
applicable to the Poulsen arc but in the third partial oscil- 
lation the value of E, varies. Its average value is much 
higher than in the first partial oscillation. This has been 
shown with a Braun tube. If E, is not much greater than E., 
then valuable information may be gained by the method here 
described. 

The accuracy of the results in the numerical example would 
have been increased if E had been reduced from 110 volts to 30 
volts. The effect of r, would then have been still more neg- 
ligible. 

If E;—E, is measured with a ballistic galvanometer, then C 
may be charged to a potential E; and then discharged thru the 
galvanometer and V; in series which will give the potential differ- 
ence directly. 

The method here developed is based only upon theoretical 
deductions. Experimental research is required to determine the 
rate of de-ionisation of arc vapor under different conditions. 
The results of such research will be of great value. — ^ — 


the ratio , so that the term under the radical in (9) is 


‘338 


SUMMARY: After discussing the de-ionisation and consequent loss of con- 
ductivity of mercury vapor carrying a momentary arc, the author considers 
an arrangement of circuits for determining the rate of de-ionisation, and the 
effect of this rate on the voltage required for a subsequent re-ignition. 

The theory of the circuits shown is given, and illustrated by numerical 
examples. It is suggested that the arrangements shown be experimentally 
carried out because of possibly important practical applications. 
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THIRD DISCUSSION ON 


“THE ELECTRICAL OPERATION AND MECHANICAL 
DESIGN OF AN IMPULSE EXCITATION MULTI- 
SPARK GROUP RADIO TRANSMITTER 
(A Paper by Ensign Bowden Washington, U.S.N.R.F) 


By 
LIEUTENANT ELLERY W. STONE, U.S. №. К. Е. 


(OFFICER IN CHARGE, U.S. NAVAL RADIO Station, SAN DIEGO, CALIFORNIA) 


In reply to Mr. Washington’s discussion, which reached me 
this date, I should like to state that I am quite in accord with 
his definition of impact excitation, as is evidenced by definitions 
of the term given in my previous articles on the subject. If, 
however, thru accident or design, the gap circuit of an impulse 
transmitter delivers a little more than the single half cycle which 
characterizes its normal operation, it can hardly be placed in 
the ordinary quenched gap type of transmitter, inasmuch as the 
excitation of the antenna is still of the shock type. The major 
portion of the energy is unquestionably resident in the first half 
cycle. 

In connection with the tests of the Kilbourne and ‘Clark 
transmitter conducted by Mr. Washington at Harvard Uni- 
versity in which he obtained two and one half oscillations, it is 
presumed that these tests were those conducted for the Marconi 
Company in 1916 during its suit against the Kilbourne and 
Clark Company. It may be stated that the defendant (Kil- 
bourne and Clark) proved to the satisfaction of the Court that 
these tests were conducted under abnormal conditions,to-wit; 
abnormal gap length, and improper adjustment of the circuits, 
and that attempt was made to produce oscillations in the gap 
circuit rather than to demonstrate normal operation. 

If the photographs showing a single impulse in the gap 
circuit were not indicative of impact excitation, they were not 
so considered by the Court. These were taken at the University 
of Washington by Lieutenant Greaves, who had considerable 
experience in this work at Harvard University, in the presence 
of Mr. F. A. Kolster, Mr. Frederick Simpson, myself and several 
others. 

In the decision of the Court, in which the impulse nature of 
this transmitter was upheld, Judge Netterer rules as follows: 

“The defendant, to demonstrate the fact of the ‘single «^ ^k" 
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(impact, E. W. S.) "conversion of antenna energy, introduced 
the result of experimentation conducted at the University of 
Washington with the Braun tube on the behavior of the Simpson 
Mercury Valve Transmitter. . . "The deflection of the spot 
of light across the screen corresponds with the motions of the 
current, first in one direction and then in the other, and if the 
disturbing” (gap, E.W.S.) ‘‘circuit is not characteristically an 
oscillating circuit . . . the spot of light would appear as 
in the photograph. . . The contention of the plaintiff" 
(Marconi Company) “with relation to the Massachusetts" 
(Harvard University) 'test, in which it was shown that there 
were two and one half oscillations in the circuit, and that this 
must refute the contention of the defendants with relation to 
the Washington University photographic test, may be answered 
by the suggestion that the Washington University result was 
obtained,—the photograph speaks for itself—and defendant's 
witnesses to that extent are corroborated. The Massachusetts 
experiments show that there were many elements that entered 
into the experiments with relation to the appliances and the 
adjustment of the apparatus. Dr. Zenneck's testimony, which 
does not seem to be denied, shows that photographs were only 
taken when the adjustments were such as to produce the de- 
sired result, and that the effort was for the purpose of obtaining 
evidence of oscillations in the trigger" (gap, E.W.S.) “circuit, 
rather than to present to the Court the result of all the experi- 
ments that were made, together with the adjustments for each 
result. . . No facts shown indicate that the oscillations" 
(antenna) “were the result of resonant transfer of energy." 

I do not feel required to defend the term “partial discharge," 
the expression being taken from Zenneck's writings. I should 
say that the definition of “full charge" which Mr. Washington 
seeks, is that charge given the condenser by the time the peak 
of the transformer secondary wave has been reached, the separa- 
tion of the gap permitting, or the maximum charge which the 
condenser can receive with a given secondary potential. "This 
"full charge" will be recognized as distinct from the partial 
charge which the condenser ordinarily receives as a result of the 
minute separation of the impulse gaps, thus giving rise to several 
discharges of the condenser per alternation. 


February, 17 1919. 


FURTHER DISCUSSION ON 
“RECEPTION THRU STATIC AND INTERFERENCE” 


By 
Roy A. WEAGANT 


Lee De Forest (by letter): I regret that I was out of the city 
when Mr. Weagant’s paper on static elimination was presented, 
and particularly that copy of his paper was not received until 
the PROCEEDINGS were ready to issue. | 

I have read with intense interest the paper and such discus- 
sion as appeared with it. Such abundance of well merited praise 
has therewith appeared that I feel justified in limiting my present 
remarks chiefly to helpful criticism. I too, perhaps earlier than 
most of our readers, have fought with static, and been burned 
by it. І can honestly state that I know from long and intimate 
acquaintance what genuine, sub-tropical, summer static is— 
perhaps far better than some others who from cool northern 
laboratories have casually announced its final “elimination.” 

My experience has indeed been such that even now, as dur- 
ing the earlier years, I doubt that the ‘99 per cent, reliable, 
guaranteed, copper-riveted static eliminator" has been dis- 
covered. And certain recent careful inquiries among some very 
capable radio observers and experts (some in the Government 
service) have elicited statements, the accuracy and fairness of 
which I am bound to accept, to the effect that the Weagant 
eliminator, like a legion of others, falls down at times. It is, 
in short, by no means all that its enthusiastic proponents claim. 

If such be the fact, I regret it as much as anyone. Having 
spent all my working years in the development of the radio 
art, I rejoice at each actual step in advance, by whomsoever 
wrought. Static has been our béte-noir from ‘Genesis’; and 
I too await for “Revelation” —I hope to see it. But let us not 
throw our hats sky ward over the assassination of “Satan Static,” 
until further evidence than that of the inventor of an eliminator, 
and other interested observers, comes forward after long summer 
months of trial, to lay its wreath of unbiased testimony upon the 
“Tomb of Trouble.” 

Possibly I have been misinformed. Let other users of the 
Weagant system, not employees or associates, who have success- 
fully used the system thru say six summer months of European 
radio reception in the South, come forward. In THE INSTITUTE 
OF RADIO ENGINEERS we simply want facts, not flattery. 
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Mr. Weagant’s paper can be divided into two parts—The 
first and by far the largest and most exhaustive, oytlines in great 
detail the amazing lengths and profligate expense to which the 
Marconi Company has gone to accomplish what Mr. Weagant 
himself admits in the brief, second part of his paper, can be 
achieved by far simpler and more rational methods. Therefore 
we may dismiss with sincere praise for the inventor’s courage 
and persistence the consideration of vertical loops 400 by 1,000 
feet (120 by 300 m.) in dimensions and located miles apart, or of 
horizontal antennae 6 miles (9.6 km.) long, of miles of paste- 
board tubes covered with tinfoil “gleaming in the Florida 
moonlight." Sad indeed would appear the future of radio 
communication if we believed that static elimination depended 
in the slightest degree on the utilization of devices of such 
Brobdingnagian dimensions, I do not believe that it is essen- 
tial to separate the "static tank" loops as one does water tanks 
along a railroad. 

But while describing these experiments Mr. Weagant is 
sadly misleading in his historical omissions. To those not well 
versed in early radio history it would have been only instructive 
and fair had he pointed out that Mr. John Stone Stone first con- 
ceived and described the two vertical receiving antennas, sep- 
arated by a half-wave length, or portion thereof, arranged in 
the plane of propagation—differentially connected, thru long 
horizontal leads, to à common receiving system, to balance out 
interfering disturbances. In Stone's U.S. patent 767,970, filed 
June, 1901, this system is carefully outlined and analyzed, to- 
gether with the third vertical antenna located directly at the 
receiver. (This latter is for use as a transmitter, the arrange- 
ment b ing such that the powerful impulses from this trans- 
mitter shall be completely neutralized upon the two receiving 
systems.) 

Mr. Weagant mentions 'among the early workers with the 
loop, Bellini—Tosi, and Braun"; but completely ignores the 
fact, of which we Americans should be proud, that the first dis- 
closure of the loop receiver and direction finder was in Stone's 
U. S. patent, filed January 23, 1901; and that he laid down at 
this remote date the basic principles on which the entire art of 
direction finding (and incidentally of Mr. Weagant's eliminator) 
are founded. Mr. Weagant further erroneously ascribes the 
first use of the horizontal linear aerial to Mr. Marconi. As a 
matter of fact this was, I believe, also an American discovery— 
at Block Island in 1903. 


It seems to be equally unknown that the first patent on the 
horizontal receiving loop or horizontal conductor, with length 
independent of the wave length and rotating around a vertical 
axle, for localizing the direction of incoming signals, was issued 
to the writer, in 1904. 

Mr. Weagant describes the differentially combined “inter- 
ference-prevention" circuits of Fessenden as “fundamentally 
incorrect" because “the detuning of one branch circuit affects 
the intensity of both the signal and static currents in the second- 
dary circuit in the same ratio." As a matter of fact, where 
enlightened methods of this sort are employed in receiving un- 
damped waves, a very great improvement in the signal-static 
ratio may be noted. 

Moreover, after styling the Fessenden differential principle 
as “fundamentally incorrect," Mr. Weagant actually relies on 
exactly that principle to achieve the final elimination of static 
impulses between his “static tank" circuit and his third static- 
signal circuit. Note his arrangements in Figures 7, 11, 13, 18, 30, 
and so on. 

The theory Mr. Weagant advances of the vertical origin of 
the ''grinders" is novel, if we consider that he means that all 
such disturbances come from directly above the receiving station. 
But the long established fact that the same violent static im- 
pulse is frequently noted simultaneously at stations separated 
by hundreds of miles precludes the acceptance of this view. 
Then, moreover, would it be possible to eliminate such disturb- 
ances by rotating a small loop-receiving antenna about a hori- 
zontal axis. 

Both audio and radio balancing between two helices at right 
angles have been tried by Major Charles A. Culver in recent 
tests for the Signal Corps in an effort to neutralize static effects, 
but without success. Simultaneous photographie records of 
“X” impulses received on two helices placed at right angles to 
one another and in a vertical plane appear to show that the 
extraneous disturbances do not occur simultaneously at two 
mutually perpendicular planes. 

It has long been accepted gencrally that static impulses 
originating in the tropics are reflected by the Heaviside layer, or 
by upper banks of ionized air, and consequently reach northern 
and southern latitudes with a downward vertical component. 
This explanation was cited by Professor Pupin in his discussion 
of the Weagant paper. Moreover if the startling theory of 
vertical origin were correct i¢ would obviously become a ver 
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simple matter to neutralize the static impulses on two small 
vertical loops, placed at right angles, while receiving the desired 
signals on that loop which lay in the plane of their propagation. 
Such, of course, is by no means the case. The germ of genuine 
merit in Mr. Weagant’s voluminous paper resides, it seems to 
me, in the idea of the so-called “‘static-tank,”’ balancing out the 
signal in two receiving systems, leaving only static, and then 
balancing that against the static in a third system, obtaining 
finally only a residuum of signal, and then amplifying this rem- 
nant. But what justifiable considerations lead him to accom- 
plish these effects by use of antenna systems which require an 
entire township for their exploitation, “across a canal, thru cow 
pastures and frequently broken?" Certainly it was not to avoid 
the use of the audion amplifier! No such reluctance in employ- 
ment of another's device to accomplish so useful an end, 
characteristic tho it be with certain investigators, would be 
justifiable. 

To illustrate how simple it would be to accomplish by sens- 
ibly small loop antennas what Mr. Weagant does with his gigantic 
“loops” connected to his receiver by miles of horizontal con- 
ductors (systems which possibly operated not as true loop an-. 
tenna at all) let me cite the results obtained by Latour at Lyons. 
Using three radio frequency audion amplifiers, in cascade, an 
audion detector, and then several audio frequency amplifiers, in 
cascade, the French military administration has been receiving 
from Annapolis at a point only one mile from the Lyons arc 
transmitter station— without any interference therefrom what- 
ever,—while Lyons was transmitting at full power (150 kilo- 
watts) with a wave-length only 2.5 per cent different from that of 
Annapolis. And Latour does this using as a receiving antenna 
a coil only 60 cm. (24 inches) in diameter! Contrast this with 
one 400 by 1,000 ft. (120 by 300 m.) Of course, French static 
is not to be compared with our summer variety; but every ad- 
vantageous result which Mr. Weagant describes can, I believe, 
be accomplished (as Prof. Pupin urges) with receiving circuits 
of very ordinary dimensions, perhaps “such as can be used on 
board ship." For compare these results at Lyons with what 
the huge Weagant arrangement accomplishes; “Тһе reception of 
Carnarvon's signal, 14,200 meters, thru the powerful inter- 
ference of the 200 kilowatt Alexanderson alternator (supposedly 
perfect sine-wave emission) at New Brunswick, only 25 miles 
(40 km.) away, working at 13,600 meters (a 4.4 per cent differ- 
ence), has been an every day performance of the system." 
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As further bearing out this statement, and Latour’sresults, con- 
sider the results described by Lieut.-Commander A. H. Taylor 
in the June number of the PRocEEDINGS OF THE INSTITUTE OF 
RADIO ENGINEERS—obtained with loops only 3 meters (9 feet) 
square. If one uses such loops it will not be “found necessary 
to have an operator located at the remote loop to make adjust- 
ments in accordance with instructions telephoned to him by the 
observer in the receiving station, using the cable wire for this 
purpose." I must disagree with Mr. Weagant's statement that 
“very satisfactory practical working was secured," since, to quote 
further, “with both these arrangements local tuning of the loops 
was necessary, and this always involved a tedious adjustment 
until the correct setting for & given wave length was obtained, 
and even when this setting was known, it was necessary for some 
one to go to each of the loops—not a convenient procedure with 
antennas three miles (4.8 km.) apart." 

A stiff course in practical “statics” has heretofore been rec- 
ommended as an effective cure for any tendency to pedantic and 
dogmatic theorization on their behavior. Hence, after studying 
Mr. Weagant's Figures 9, 10 and 17, one can but wonder that 
any person who has struggled with the irrational idiosyncrasies 
of subtropical static as Mr. Weagant has, can still retain suf- 
fieient patience, or religious faith, to attempt to describe their 
operation in terms of cosine curves, and “azimuthal angles!” 
In others, therefore, who have likewise gone thru the static mill 
a moderate amount of more or less profane skepticism as to the 
pertinence of these figures must be tolerated. 

A common oversight on the part of inventors of most so- 
called “static eliminators" has been the fact that powerful static 
disturbances may reach the highly sensitive detector-amplifier 
directly thru the low-frequency conductors attached thereto, 
that is, the battery leads, the telephone cord, the body of the 
operator himself, or act directly upon the sedondary coil, or, if 
unshielded, the metallie plates of the condensers attached to the 
receiver. Thus no matter how perfect and intricate a “filtering” 
system may have been installed between the antenna and the 
detector, the disturbanees which have been successfully barred 
from entrance by the fortified front of the house steal in thru the 
back, where they find the entire roof and walls missing. To 
expect then to exclude effectively static disturbances from a 
receiving and detector system, the various elements of which are 
not effectively and in succession screened electrically from the 
other links in the filtering system, is as futile as to hope to per- 
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form delicate photometric work in a room elaborately equipped 
with the proper apparatus, but the walls of which are white or 
silvered, and where on all sides are unmasked arc lights, dazzling 
sparks, magnesium flares, and windows open to the sunlight. 
Especially does the above analogy hold good when violent elec- 
trical storms are in the neighborhood of a long distance radio 
receiving station. 

From the foregoing, it should be apparent that it is practically 
futile to conduct radio signaling which shall be at all times im- 
mune to static disturbances and interruption so long as it is 
possible for violent disturbances to produce in the receiving 
system effects which simulate those produced by the waves emit- 
ted from the transmitting station. Yet this situation is inevit- 
able so long as attempts to solve the problem are limited exclu- 
sively to the receiving apparatus. 

Unquestionably, Mr. Weagant has made a contribution of 
genuine value towards the long-desired goal. But until efficient 
shielding methods are adopted there are still certain to occur 
intervals when the only satisfactory means for cutting out un- 
welcome disturbances is that which was so effectively adopted 
during the publie discussion of Mr. Weagant’s paper—lay the 
““рһопев on the table, and refuse to listen." 


Roy A. Weagant (by letter): The tone of Dr. de Forest's com- 
ment is such as to tempt one to ignore it. Also, to one familiar 
with the paper, his failure to read it carefully is so evident that 
a reply seems unnecessary. However, lest silence should seem 
to give assent to some of his misinterpretations, the following 
reply is submitted. 

Dr. de Forest has expressed doubt that the “99 per cent 
reliable, guaranteed, copper-riveted, static eliminator" has been 
discovered. Reference to the text of the paper fails to disclose 
any statements in this language, or which convey any such in- 
ference, but on the contrary the capabilities of the apparatus 
and its limitations have been expressed in a perfectly definite 
way and should be easily understood by any experienced radio 
man. These may be summarized by stating that with this 
apparatus practically continuous reception from such stations 
as Carnarvon, Nauen, or Lyons is possible save only when there 
is local lightning present, while with any other known receiving 
method reception from these stations in the afternoon and even- 
ing during the summer is nearly always entirely impossible, and 
is also impossible to a considerable extent, at other seasons of 
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the year. In this statement it is assumed that the receiving 
station is within 100 miles (160 km.) of New York City. 

Since the time of delivery of the paper the greater part of 
another summer season has passed, during which various forms 
of the static arrangement have been in continuous service. 
Furthermore, the static conditions experienced this year have 
been much more severe than those encountered last year, yet the 
continuity of reception from the stations mentioned has been 
greater than that of last summer and we have been able to re- 
ceive continuously even thru the worst fading periods, which 
occur in the afternoon between four and seven o’clock, without 
interruption by anything except local lightning. With regard 
to this latter cause of interruption, to date there have been 
only two days on which lightning has rendered reception 
impossible; in one case for a period of approximately three 
hours, and in the second case for approximately two hours. 
There have also been several days—perhaps four in all— 
when lightning has caused appreciable trouble but not com- 
plete interruption; that is to say, thru these periods messages 
in plain language, sent twice, could have been received completely, 
but code, sent words once, could not have been completely 
copied. 

Dr. de Forest’s suggestion that the opinion of unbiased and 
qualified experts on the working of this system is desirable 
before its efficacy can be completely accepted, is entirely reason- 
able, and it was for this reason that the offer to conduct tests 
for the benefit of a committee to be appointed by the Institute 
was made. "The response to this offer indicated that this was 
perhaps a rather difficult thing to carry out since a considerable 
period of observation would be necessary in order to arrive at 
a correct conclusion. With this point of view the writer is 
unable to differ since he was unwilling to accept the results 
himself until the system had been tested thru an entire sum- 
mer, twenty-four hours a day, with an operator constantly on 
watch. 

The most conclusive proof of the correctness or otherwise 
of the claims on the working of this system will be had when the 
Marconi Company resumes commercial working with Europe, 
after its stations are returned by the United States Government. 

In reply to Dr. de Forest's statement that certain individuals 
in the Government service have informed him that the apparatus 
does not work as claimed, it is enough to state that only one 
man in the Government service has had any experience or fa- 
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miliarity with the system, and that this gentleman, Mr. George 
H. Clark, has already set forth the result of his observations, 
in his discussion of my paper. 

With regard to the criticism that the arrangements used 
are of ‘‘brobdignagian” dimensions, it would seem pertinent to 
inquire how long it has been such a colossal task to construct 
six miles (10 km.) or so of ordinary telephone line, which, from 
the constructional point of view, is all the largest arrangement 
requires. Dr. de Forest has often boasted of the part his audion 
has played in transcontinental telephony, which involves some 
3,000 miles (4,800 km.) of this same sort of construction. The 
cost is certainly not prohibitive, for the total expense of the Lake- 
wood installation was less than one-half of that of a single tower 
of the type which the Marconi Company had at its Belmar 
receiving station, six of which were considered necessary for 
reception a few years ago. 

Dr. de Forest has referred to some of the later arrangements 
as being far simpler and more rational because of their smaller 
size, but while this is true the fact is that none of them has yet 
been developed to the point where it is equal to the Lakewood 
arrangement in the range of conditions it is able to cope with. 

With reference to this historical references of the paper, it 
is sufficient to say that, as specifically stated, no attempt was 
made to present a complete historical outline. There can be 
no ground for charging unfairness, therefore, and it is not neces- 
sary here to either accept, deny, or qualify Dr. de Forest's 
statements. 

The writer takes issue squarely with Dr. de Forest in his 
statement that the Fessenden interference preventer circuit 
“where enlightened methods are employed" causes a great im- 
provement in signal-statie ratio, or that it is possible to secure 
with this arrangement any signal-static ratio which cannot be 
duplicated with other well-known receiving methods used with 
equal enlightenment. 

He is also entirely incorrect when he states that that prin- 
ciple is relied upon to achieve the final elimination of static im- 
pulses between the static tank and the static signal circuits, for 
the reason that in this latter, one circuit has both signal and 
static currents, while the other has only static currents; conse- 
quently when the two are connected together in opposition, signal 
current only is left. If both circuits had both signal and static 
currents, then his statement would be correct. 

Dr. de Forest is quite right when he states that if the hypo- 

550 


thesis of overhead origin and vertical propagation were correct 
it should be possible to eliminate static by rotating a small loop- 
receiving antenna about a horizontal axis. In fact this does 
accomplish the elimination of static, but unfortunately it also 
accomplishes the elimination of signal. If it were possible to 
transmit waves which were horizontally polarized instead of 
vertically, as at present, and if they would remain so at great 
distances, then a loop with its plane horizontal would fur- 
nish an ideal means of working thru static of the grinders 
type. 

Dr. de Forest also refers to certain tests recently made by 
Major Charles A. Culver, in which he shows that static currents 
produced by two loops at right angles will not balance. If 
he had read the paper more closely he would have found this 
identical fact stated (at bottom of page 216 and top of page 217 
of the PRocEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, 
June, 1919). It was discovered by the writer more than three 
years before the work which Major Culver reports was under- 
taken. His further statement that if the hypothesis of vertical 
propagation were correct, loops at right angles should balance, 
is also entirely incorrect, as will appear from a less superficial 
analysis of the proposition. If it be assumed that these electro- 
magnetic waves are generated by linear oscillators, then, in 
order that two loops at right angles to each other shall be affected 
by the wave originating at each oscillator simultaneously and 
with the same relative intensity, which is the prerequisite to 
balancing, the horizontal projection of each of these oscillators 
must make the same angle with the two loops, since if different 
impulses were due to oscillators, the horizontal projection of. 
whose axes may be at different angles with the two loops, there 
would be no possibility of securing adjustment, which would 
annul any appreciable percentage of them. The conception 
that these oscillators are so arranged seems to me utterly impos- 
sible, and in order that the hypothesis of overhead origin and ver- 
tical propagation may be rational it is necessary to assume that 
the axes of the oscillators producing static waves shall assume 
all possible angles in space; that is, they shall be heterogeneous 
in their disposition. Under this assumption it becomes impos- 
sible for loops in different planes to balance. At this point it 
should be emphasized, as it was in the paper, that this hypothesis 
is set up merely as a convenient working base, and that it can- 
not be regarded as proven. On the other hand, however, the 
fact that antennas situated considerable distances apart are sim- 
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ultaneously affected by the type of static known as grinders, is 
proven beyond question. 

Dr. de Forest’s reference to the work of Latour in receiving 
with a small closed loop, and his comparison with the reception 
of Carnarvon’s signal thru the interference of New Brunswick, 
is quite beside the point for the simple reason that the arrange- 
ment of Latour is in no sense a static eliminator, but is merely 
a small loop-receiving arrangement, whereas it was definitely 
stated in the paper that the result mentioned was accomplished 
while maintaining a good static balance, which is quite a differ- 
ent proposition. 

His reference to Commander Taylor’s results obtained with 
loops only three meters (9 feet) square also has no bearing since 
the arrangement described by Lieutenant-Commander Taylor 
is not a static preventer but a simple loop-receiving arrangement. 

With regard to the cosine and other curves which Dr. de Forest 
scoffs at, it is suggested that he study them a little more 
closely until he discovers their significance, as his comment 
thereon indicates so complete a lack of understanding that reply 
is useless. If he so entirely fails to understand the paper he 
would equally fail to comprehend the reply. 


His lengthy statements relative to the necessity for shielding 
the receiving apparatus itself from the direct effect of static are 
plausible but unsound. While it 15 a very common observation 
to note that considerable static and even signal is heard at a 
receiving station when the antenna switches are open, most. of 
this is due to the electro-statie coupling which exists between 
the acrial and the receiving instruments, and that part. of it which 
is due to direct action on the receiving coils themselves proves 
to be so small as to be entirely negligible, provided an aerial of 
relatively large dimensions is used. If the dimensions of the 
aerial are reduced to the extreme limit, then of course the cap- 
abilities of the receiving coils become comparable to the capabili- 
ties of the antenna for picking up both signal and static, but ex- 
tensive experience with this has shown that even with a loop 
acrial only four feet square the order of this effect is not suffi- 
cient to be serious, whereas with large aerials such as the Lake- 
wood installation it is totally negligible. In the working of this 
latter system it is at times an interesting observation to note 
that the amount of static disturbances which is heard after a 
proper balance is obtained, is less than that which is heard when 
all three aerials are disconnected from the receiving set. 

In conclusion, Dr. de Forest again intimates that there are 
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still certain to occur periods when the only way in which we can 
get rid of static is to lay the telephones on the table. No such 
periods, with the exception of those caused by local lightning, 
have occurred during the prolonged use to which this apparatus 
has been subjected, and it therefore does not yet appear that 
Dr. de Forest is correct. The offer to demonstrate made in the 
paper still stands, and Dr. de Forest himself is not excluded. 
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LONG WAVE RECEPTION AND THE ELIMINATION 
OF STRAYS ON GROUND WIRES (SUBTERRANEAN 
AND SUBMARINE)* 


By 
LIEUTENANT-COMMANDER A. Hoyt TAYLOR 


(UNITED States NAVAL RESERVE FORCE) 


Many of the properties of ground wires with respect to long 
wave reception have been touched upon in the previous paper 
which dealt mainly with short wave work (PROCEEDINGS OF 
THE INSTITUTE OF RADIO ENGINEERS, volume 7, number 4, 
1919). The purpose of this paper is to take up some of the spe- 
cial problems of long wave reception with ground wires, with 
special reference to the work done by the writer on the elimina- 
tion of strays. 


1. Optimum WIRE LENGTH FOR Lona WAVES 


Number 12 rubber covered wire! was used for all of the earlier 
experiments on optimum wire length because it was found to 
hold its insulation for several weeks and was cheap and easy to 
handle. It is not recommended for permanent installations. 
It has already been shown in the previous paper that for 600 
meters the optimum length for this wire was 125 feet (38.1 
meters) each way, and that up to 1,125 meters this length seemed 
to be proportional to the wave length. It was therefore expected 
that a similar relation would hold for waves between 4,000 and 
15,000 meters. For 12,000 meters the length was therefore 
expected to be 2,500 feet.(763 meters). Since there was com- 
paratively little are work being done by stations south of Great 
Lakes, and since there were no arc stations north of Great Lakes, 
it was necessary in the work done there, to attempt optimum 
length experiments on stations either east or west of Great Lakes. 
At the laboratory on the bluff, it was not possible to lay wires 
in trenches for so great & distance, while at the station on the 
beach, it was only possible to lay a wire in one direction, using 

* Received by the Editor, March 7, 1919. 

! Diameter of number 12 wire = 0.081 inch = 0.205 cm. 
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it against a ground. An attempt was made in two ways to 
determine whether or not optimum length existed for these 
long waves. First the signals from Lyons, France, on 15,000 
meters were observed on a wire 3,000 feet (915 m.) long, running 
straight east into the lake, the outer end of the wire being sixty 
feet (18.3) under water. This wire was gradually pulled in 
and observations taken. It was a laborious and difficult matter 
to obtain satisfactory observations in this way, but those that 
were taken indicated that 2,650 feet (808 m.) gave the best signal 
for Lyons. "The signals were too weak to get, with the amplifica- 
tion at that time available, any adequate measure which would 
indicate whether the ratio of signal to stray was better at this 
length than at others. About this time Doctor L. W. Austin 
reported that, as far as he could determine from the experiments 
made in the slightly brackish water of the Potomac at Anacostia, 
District of Columbia, there was no optimum wire length for long 
waves and that no proportionate increase in signal was observed 
after 2,000 feet (610 m.). In the Great Lakes experiments, 
all signals were compared with those received on a standard 
wire, 2,000 feet (610 m.) in length. In order to avoid the la- 
borious process of hauling in the long wire, which occupied con- 
siderable time, the problem was attacked at Great Lakes on 
a different basis. Two wires, separated 50 or 60 feet (15 or 18 
m.), running in the same direction were compared. They were 
both fixed in length, one being 2,000 feet (610 m.) and the other 
1,750 fect (534 m.) long. For various wave lengths between 
5,000 and 14,000 meters, the ratio of signals on the 2,000 foot 
(610 m.) wire to signals on the 1,750 foot (534 m.) wire was 
determined. These observations were insufficient in number 
to be at all conclusive, but the best ratio was obtained at 12,600 
meters, Nauen's wave, indicating that 2,000 feet (610 m.) was 
not far from the optimum length for this wave. It is, of course, 
possible that the relation between optimum wire length and 
wave length is not exactly linear, and it is deemed that the data 
herein reported is not entirely satisfactory. The experiments 
on optimum length were continued later at the U. 8. Naval 
Radio Station, Belmar, New Jersey, which was then the principal 
station and control center of the trans-Atlantic system and where 
the writer was stationed as trans-Atlantic Communication 
Officer. The. Belmar experiments on. wires laid in the inlet 
(salt water) in front of the radio station, showed that up to the 
length of 1.500 feet (458 m.) signals from Nauen on 12,600 meters 
continued to increase. It was impossible to obtain a greater 
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distance than 1,500 feet (458 m.) without deviating too far from 
the proper direction. During the month of January, ice formed 
on the inlet and a piece of “packard cable," number 14 high 
tension?, was laid on the surface of the ice for the purpose of 
determining the optimum length of Nauen’s short wave, 6,300 
meters. The signal strength rose rather rapidly until a thou- 
sand fect (305 m.) were used, after which it rose very slowly so 
that 16 was difficult to determine exactly where the optimum 
length lay. It was estimated to be 1,600 feet (488 m.). Similar 
experiments with a wire on the ice, using Lyons’ spark wave of 
5,300 meters, indicated an optimum length of 1,200 feet (366 m.) 
and showed also that the rise of signal strength was very gradual 
and that there was no practical advantage in using over 800 
feet (344 m.) of wire for 5,000 meters and not over 1,000 feet 
(305 m.) for 6,000 meters. About this same time, January, 
1918, lead covered cable on the surface of the ground was tested 
at Belmar. The sheath of the cable was grounded at a number 
of points, special care being taken to get a good ground at the 
receiving end. The core of the cable contained two number 18 
copper wires?, which were connected to the receiving set and used 
against & ground connection. The behavior of lead-covered 
cable showed at once that the most suitable length for long 
waves was decidedly different from that proper for ground wires 
or submerged wires. For instance, while 2,000 feet (610 m.) of 
underground wire was found very suitable for waves of 10,000 
meters and upwards, it was found that a lead-covered cable 
3,000 feet (915 m.) in length showed up best on wave lengths 
between 5,000 and 6,000 meters. A lead-covered cable 7,000 
feet (2,135 m.) in length was then opened at a series of points 
500 feet (153 m.) apart and observations were taken on Nauen's 
6,300 meter wave, comparison being made in each case with 
the signals obtained on a fixed 2,000-foot (610 m.) ground wire. 
A curve was plotted from this data which showed a maximum at 
3,000 feet (915 m.); the curve was, however, very flat. A little 
later experiments were undertaken with a ground wire buried 
seven feet (2.1 m.) deep, à number of pits having been dug for 
the installation of disconnecting switches. Observations were 
taken on signals on 9,500 meters from Stavanger, Norway, and 
on Nauen’s 6,300 meter wave. The total length of ground wire 
available was 2,000 feet (610 m.). The observations were in- 
conclusive, the Stavanger signals at 9,500 meters indicating a 


* Diameter of number 14 wire = 0.064 inch 20.162 ст. 
3 Diameter of number 18 wire = 0.040 inch 20.102 cm. 
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maximum when the full length of the wire was used, whereas 
measurements on Nauen indicated a linear rise proportionate 
to the length of the wire, that is to say, the Nauen observations 
indicated no optimum length inside of 2,000 feet (610 m.). It 
is regretted that the pressure of other work interrupted these 
interesting experiments at this point. А little later in the 
Spring, experiments were begun at the Naval Radio Station, 
Chatham, Massachusetts, by Gunner D. J. Burke, under the 
writer’s direction, and some attempts were made there to dis- 
cover whether there was such a thing as optimum wire length in 
fresh water, salt water, and in ground. The results were nega- 
tive as far as salt water is concerned, and doubtful as far as fresh 
water and ground were concerned. During the summer a special 
station was erected at Belmar with a 2,000-foot (610 m.) sea wire, 
but no results were obtained with this wire indicating an opti- 
mum length. Altho an insufficient number of observations on 
long waves have been taken, it is quite evident that the optimum 
length does not exist in salt or brackish water and that if it 
exists in fresh water or for wires buried in the ground, the opti- 
mum is not at all sharp. The most positive indications of 
optimum length on long waves were obtained with surface 
cables laid either on the ground or on the ice. "Theoretical 
considerations would indicate that for very long waves and cor- 
respondingly long wires, the resistance of the system is so high 
that it is much more perfectly aperiodic than is the case for short 
waves. Confirming this is the fact that a single ground wire 
may be so readily used for the reception of a number of different 
stations on different wave lengths without any interference 
whatever in the tuning, it being assumed, of course, that the 
local oscillations of the receiving bulbs are so adjusted as not to 
heterodyne against each other. It was frequently possible at 
Belmar to copy simultaneously on any of the ground wires or 
sea wires, Lyons on 15,000 meters, Carnarvon on 14,000 meters, 
Nauen on 12,600 meters, Rome on 11,000 meters and Nantes 
on 10,000 meters. This procedure, altho possible on short - 
waves, does not work out well at all, because each wave requires, 
for best results, its particular optimum length. 


2. RATIO OF SIGNALS TO STRAYS 
In order for the ground wire system to be of practical value 
it must be able to show advantage in readability of signals not 
only over an ordinary acrial but over a properly designed re- 
ceiving frame or closed loop, since the latter 1s more compact 


562 


and easier of installation. The elimination of actual static is, 
of course, fairly complete on the ground wires, but the relative 
advantage of ground wires over rectangles, as far as the elimina- 
tion of all strays was concerned, had to be made the subject of 
exhaustive tests. Early in January, 1918, the writer requested 
Ensign A. Crossley at Great Lakes to construct a rectangle 11 
feet (3.36 m.) square, wound with 80 turns of number 13 double 
cotton-covered wire’ spaced 0.5 inch (1.27 cm.) apart. This 
rectangle was compared for a considerable period of time with 
the 1,200 foot (366 m.) “packard cable" at the Great Lakes 
laboratory station on the bluff, the cable being buried four fect 
(1.22 m.) under the surface of the earth. The ground wires 
gave signals averaging three times as strong as those on the rect- 
angle. The ground at that time was partly frozen. The fol- 
lowing table is typical of the observations obtained at Great 
Lakes: 


. Station Ground Rect- Ground 
Wire angle  Rect. 
WGG Tuckerton, New Jersey 5.5 4.7 1.17 
NPL Зап Diego, California 6.6 2.9 2.26 
КЕТ Bolinas, California 2.2 1.3 1.70 
NAA Arlington, Virginia 1.5 2.8 0.54 
NAD Boston, Massachusetts : 1.0 1.4 0.72 
KIE Непа Point, Hawaii 0.4 0.3 1.33 
NBA  Darien, Panama Canal Zone 1.3 0.9 1.45 
NPC Puget Sound, Washington 2.2 1.6 1.38 
KSS San Francisco, California 2.1 1.2 1.75 
NPM Pearl Harbor, Hawaii 1.5 0.7 2.13 
NPG Зап Francisco, California 1.0 0.7 1.44 
WII New Brunswick, New Jersey 15.0 7.4 2.02 
POZ Nauen, Germany 0.2 0.1 2.00 
BZZ Carnarvon, Wales 0.3 0.2 1.50 
NPA Cordova, Alaska 0.3 0.1 3.00 


Average—1.626 


The average readability of signals at Great Lakes was 62.6 per 
cent. better on the ground wire than on the rectangle. About 
the time the frost penetrated well into the ground at Great Lakes, 
it had been noted that the strays became distinctly worse. The 
same thing was noticed on the sea wires at Belmar when the 
! Diameter of number 13 wire =0.072 inch =0.183 em. 
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shallow inlet froze up so that the wires were partly covered with 
a three-inch sheet of ice. In order to get further evidence, wires 
were laid at Belmar on top of the ice and directly over the sea 
wires and the ratios of signals to stravs on many trans-Atlantic 
stations were obtained in comparison with the signals on the sea 
wires frozen in the ice. The readability of signals, defining 
readability as the ratio of signals to strays, was twice as good on 
the sea wires under the ice, altho not as good as on the same 
wires without any ice over them. In the meantime hundreds of 
observations had been accumulated at Belmar comparing the 
ratio of signals to strays received on rectangles 77 feet (23.5 m.) 
long by 30 feet (9.2 m.) high, with 12 turns of number 10 copper 
wire? spaced 6 inches (15.2 em.) apart, with those obtained on 
1,200, 1,400, and 1,700-foot (366, 427, and 519 m.) sea wires and 
with those obtained on a 2,000-foot (610 m.) land wires buried 
2 feet (61 em.) deep. Мапу observations were also made on а 
2,000-foot (610 m.) land wire buried 7 feet (2.14 m.) deep. This 
latter wire gave louder signals than the one buried 2 feet (61 ст»), 
but the same ratio of signals to strays. The general average 
showed that the signals obtained on rectangles and sea wires 
were of approximately the same intensity, but that the readability 
of the signals received on the sea wires was twice that received 
on the rectangles. On the other hand, the ground wires, altho 
giving signals four to five times as strong as the rectangle, showed 
no advantage whatever in readability. Similar experiments 
were carried out during the summer at the Naval Radio Station 
at Tuckerton, New Jersey, with the ground wires placed in ex- 
tremely moist earth and where they showed a marked advantage 
over the rectangle, altho they proved to be not quite as good as 
the sea wires at Belmar. In the meantime a great many measure- 
ments had been made at Chatham, Massachusetts, on wires both 
in fresh and salt water. The fresh water wires showed tre- 
mendous signals but no better ratios or readability than rect- 
angles. "The sea wires on the other hand showed good readability, 
but owing to their being covered part of the time by a high tide 
to a depth of six fect (1.8 m.), they showed rather weak signals. 
It was attempted to remedy this by suspending them from floats, 
but owing to interference with traffic in the bay and to stormy 
weather conditions this was abandoned as being impracticable. 
It must be noted that the good results on long waves in the earlier 
experiments at Great Lakes were obtained with wires buried in 
wet sand and a little later with wires buried on the bluff at a 
$ Diameter of number 10 wire = 0.102 inch 20.259 ст. 


C64 


sufficient depth to be near ground water level, in fact below it 
at а good many points. It is quite evident that the ground wire 
system possesses no advantage over the rectangle in the elimina- 
tion of strays other than static, except when the ground wires 
are laid in a partially conducting medium. An attempt was 
made to confirm these results at the Naval Radio Station at 
Bar Harbor, Maine, and it was found that ground wires laid in 
the very rocky surface soil seemed to have even worse strays 
than those received on the rectangle. A sea wire, 1,100 feet 
(1,336 m.) long was placed in an inlet, but was found to be, even 
when floated on the surface, completely shielded from all trans- 
Atlantic signals, there being a cliff considerably over 100 feet 
(30.5 m.) high on one side and another cliff 80 feet (24.4 m.) high 
on the other. The waves apparently jumped this gap without 
influencing the wire floating on the surface of the water in the 
least, showing a rather interesting case of complete shielding. 
The effect of the freezing of the ground or of the water in which 
the wires were placed is evidently due to the change in conductiv- 
ity thereby produced. Bearing these facts in mind an attempt 
was made at Belmar to use lead-covered cable in such a way as 
to imitate the properties of properly installed ground wires, 
without the necessity of burying them. These attempts met 
with a partial degree of success. A lead-covered cable showed 
stray ratios intermediate between those of the wires buried in 
dry soil and the sea wires. If, however, the sheath of the cable 
was frequently intercepted so that its electrical continuity was 
broken up, the signal rose greatly in intensity and the strays still 
more so, until the ratio of signals to strays was slightly worse 
than that obtainable upon wires buried in dry soil. If the con- 
ducting medium surrounding the wires is of too high a conductiv- 
ity, good results will not be obtained, especially if the wire is 
lowered to any considerable distance below the surface. During 
the month of June, 1918, experiments were made ten miles 
(16 km.) off the coast at Belmar with an 800-foot (244 m.) wire 
trailed behind a small motor dory. The signals from trans- 
Atlantic stations decreased rapidly with the depth of the wire, 
so that at 15 feet (4.6 m.) below the surface, it was not possible 
to copy them with two stages of amplification. Of course, 
trans-Atlantic signals at that time of the year and at mid-day, 
when the test was conducted, were not very strong, nevertheless 
when the wire was within four feet (1.2 m.) of the surface, Car- 
narvon, Nauen, Nantes, and Rome were all copied without dif- 
ficulty on this particular occasion. 
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4. METHOD: OF LLIMINATING SHAY Feow Loxe Wave 
RECEIVERS 

It may Ve of interest ty note here a few of the methods tned 
out at Delmar for the further suppression of strays on ground 
wires and particularly on sea wires. altho the principle was 
finally accepted that the strays had to be eliminated before 
entering the receiving circuit. 

fa) Tuned telephone circuit. The use of group tuners or 
audio frequency tuners in the amplifier circuits was {пей out 
and shown to have some slight advantage, but not enough to 
warrant Ин general adoption. The tendency of all such devices 
ін fo produce a ringing or blurred signal. These devices 
are very deceptive to the ear; they appear at first to produce 
а very great improvement, but when one tries to make copy it 
ін discovered that the improvement is generally imaginary. 

(b) Audio frequency balanced circuits. A device some- 
what similar to the Fessenden interference preventer was next 
tried out. It consisted of two complete receiving circuits ar- 
ranged in duplex thru a differential transformer which led to the 
amplifier. Тһе idea here was to take advantage of the fact that 
several circuits could be tuned to one ground wire without mutual 
disturbances and by tuning one of the circuits, say to 14,000 
meters and the other to 13,500 meters, and opposing the output 
of the receiving bulbs in the differential transformer, it might 
be possible to balance out strays on adjacent wave lengths with- 
out climinating the signal. It was found, however, that this 
was not possible unless the signal as well as the strays was bal- 
anced out. 

(c) Radio frequency balance. А radio frequency differen- 
tial transformer was then tried out, the device consisting of two 
circuits tuned to nearby waves, the secondaries of the two tuners 
being coupled differentially to a tertiary circuit, the coupling 
being made very loose. Some improvement was obtained with 
this circuit, altho the adjustment was very critical in order to 
get exact Opposition in phase and amplitude. It had one great 
advantage, namely, it was possible to differentiate very sharply 
between stations the wave lengths of which were very close 
together, but on the whole it was not considered to be of sufficient 
assistance in the elimination of strays to make it worth while. 

(D. Radio frequeney amplifiers. A three-stage radio fre- 
queney amplifier with tuned circuits and very loose coupling was 
next tried out. Again the results showed very high selectivity 
and a noticeable gain in readability, nevertheless the circuits 
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were so difficult to handle that it was not considered to be sat- 
isfactory from an operating point of view, neither was the gain 
sufficient to make it seem worth while. 

(e) Automatic recorders. 

An automatic recorder of unusually good design, selectivity, 
and sensitiveness was then tried out. At first it seemed to 
promise great results, but after reading several thousand feet 
of tape and comparing it with the copy obtained by a good 
operator, it was found that the recorder was no more reliable 
than a good operator and if the speed was increased beyond 
thirty words a minute, the recorder was badly interfered with 
by strays. One difficulty was that rather excessive amplifica- 
tion was necessary in order to use this recorder on sea wires. 

(f) The use of high pitched telephones. Some experi- 
ments of considerable interest were carried out with very high 
pitched telephones and these experiments did show a bona fide 
improvement in the ratio of signals to strays and the writer 
believes that there is a profitable field of investigation in this 
line, if telephones of high pitch can be manufactured with a sen- 
sibility that is comparable with that of standard telephones at 
a thousand cycles. | | 


4. Tue ELIMINATION OF STRAYS FROM LAND AND SEA WIRES 


It was finally decided that the only way to do anything to- 
wards the further suppression of strays over and above that 
already obtained by the use of a good sea wire, was to apply the 
method of elimination ahead of the primary of the receiver. 
Considerable improvement in the ratio of signal to stray was 
obtained by placing a low resistance of value between 1 and 25 
ohms across the primary of the receiving set. It will be re- 
membered that the receiving sets were standard Navy long wave 
tuners and, therefore, had a series condenser, and that in ground 
wire work the tuning of the primary is dependent only upon the 
constants of the primary and not upon the length of the ground 
wire, the only exception being when exceedingly short ground 
wires are used. There is also probably some slight deviation 
from the rule when working with short waves around the opti- 
mum wire length. The placing of the shunt around the primary 
therefore did not in any way affect the tuning of it. The im- 
provement in signal-to-stray ratio obtained by the use of the 
shunt is at the cost of considerable diminution in signal strength 
and is not therefore of very great value in improvement in read- 
ability except in special cases. It having been determined that 
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the sea wires had twice as good a ratio of signal to stray as the 
rectangles, it seemed likely that one ought to be able to balance 
the strays from a rectangle against those from a sea wire and still 
have some signal left over. This was first attempted by coupling 
magnetically the primary of the receiving set by means of a dif- 
ferential radio frequency transformer to both sea wire and 
rectangle. The differential transformer had one secondary coil 
which was in series with the primary of a receiving set and it 
had two primary coils, one of which by means of a series condenser 
was tuned to a rectangle and the other tuned by means of an- 
other series condenser and suitable loading coils to one of the 
sea wires. See Figure 1. As a balancing arrangement the 
device worked perfectly, but altho signals even of very great 
intensity could be accurately balanced out, it was not possible 
to balance out strays. It should be noted that the planes of 
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the rectangle pointed in the same direction as the sea wire, that 
is towards the European stations. The failure of the experi- 
ment was, at the time, laid to a lack of exact similarity in di- 
rective properties of the two component parts of the balanced 
system, but it is the present opinion of the writer that the fail- 
ure was due to the fact that the rectangle constitutes a relatively 
feebly damped receiving system, while the sea wire is, especially 
for long waves, aperiodic. A similar attempt, shown in Figure 2, 
was made to balance a land wire against a sea wire and with 
the same results as far as this circuit is concerned. This 18 
probably due to the fact that a land wire in dry soil is not so 
nearly aperiodic as a sea wire. If the land wire were laid in 
wet soil the experiment would also fail, because the ratio of 
568 
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signal to stray would be too nearly the same for both sides of 
the system. The next attempt, shown in Figure 3, was to bal- 
ance by means of a small potentiometer arrangement, a land 
wire against a sea wire. The resistance R was a slide wire rheo- 
stat, various values being tried from 50 to 2,000 ohms. The 


FIGURE 3 


idea in the arrangement of Figure 3 was that the current from 
sea wire to ground would be opposed in phase from the current 
from land wire to ground and by suitably proportioning the two 
parts of the resistance №, the strays could be balanced out. 
Such, however, did not prove to be the case and it was recog- 
nized that the difficulty was due to the fact that the phase re- 
lationship of the current in the sea wire was not the same as for 
the current in the land wire. The final arrangement for the 
balance of the land wire against the sea wire is shown in Figure 
4, where a phase-adjusting device, LiCi, is put in serles with 
either land wire or sea wire. It is not necessary to have this 
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device in series with each collector. It was usually used in 
series with the land wire. It will be noted that the ratio of signal 
to stray on collector number 1, that is, the sea wire, has been 
further improved by the use of the resistance Ri, which shunts 
the end of that wire directly to ground. This circuit at once 
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gave very satisfactory results and experiments were immedi- 
ately continued to determine whether the balance of strays was 
dependent upon the length and nature of the land and sea wires. 
It was found that within the limits wherein observations were 
taken on sea wires, namely from 1,000 to 2,000 feet (305 to 610 
m.), the length of the sea wire had but little influence, best re- 
sults being obtained with 1,500 feet (458 m.) of sea wire. The 
length of the land wire was found to depend upon the wave 
length, in general, shorter lengths working better when shorter 
waves were to be balanced. The lead-covered cable was used 
as a land wire very successfully when the strays were made as 
bad as possible on the cable by intersecting the sheath, every two 
hundred feet (61 m.). It is desirable, of course, that the land 
wire have as bad a ratio as possible. Exeeedingly satisfactory 
balances were obtained thruout the summer of 1918 on all wave 
length between 6,000 and 15.000 meters. No work was done 
on shorter wave lengths than 6,000 meters. The device was put 
into the hands of the operators on April 7, 1918, and either this 
circuit or the following cireuit was used at Belmar from that time. 
on for copving all trans-Atlantie signals. Encouraged by the 
success of this method of balancing two wires, attention was 
again given to the rectangle, since the reetangle showed just as 


29:0 


bad a ratio of signal to stray as the land wire and should have 
sufficiently similar directivity. The rectangle was therefore 
substituted for the land wire. The resistance Ё is sufficiently 
high to give the rectangle a very high decrement. The tuning is 
exceedingly flat. No marked success was obtained until the 
circuit shown in Figure 5 was adopted, that is, until the sea wire 
was shunted to earth thru a small resistance Rı. The exact 
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functioning of this resistance is not understood, but its presence, 
especially in the balancing of a rectangle against a sea wire, is 
of the utmost importance. Figure 6 shows the design of a panel 
to be placed to the left of a standard Navy long wave receiver, 
this panel providing the necessary terminals for sea wire and 
either land wire or rectangle. It also contains the phase-adjust- 
ing device in series with the rectangle or land wire, the balance 


FIGURE 6 
571 


resistance, and the shunt to earth on the sea wire terminal. 
This circuit, Figure 5, is dependent also for its success upon the 
proper choice of the dimensions of the rectangle, since it is 
necessary to have a comparatively high resistance in series with 
it at all times. The rectangle must, therefore, be designed to 
have adequate collecting power. Naturally this depends upon 
the wave length. For 6,000 meters a rectangle 30 feet (9.2 m.) 
by 77 feet (23.5 m.) with 12 turns of number 10 wire*® spaced 
6 inches (15.2 cm.), was found satisfactory. For waves from 
10,000 to 15,000 meters, a rectangle of the same dimensions but 
with double the number of turns was found best. The setting 
of the phase-adjusting condenser depends slightly on the depth 
of the water over a sea wire. As the tide came in it was found 
necessary to advance the phase slightly in the ground wire or 
rectangle, as the case might be. 


5. METHODS OF ADJUSTING BALANCED SYSTEMS 

The method of adjusting the balanced system is described 
as follows (reference Figures 4 or 5): 

(a) The slider of the resistance R is pushed to the right 
until there is little or no resistance between the slider and col- 
lector number 1. The primary of the receiver is adjusted by 
variation of the inductance L and the capacity C until it is 
tuned to the incoming signal. The resistance R, is adjusted 
to the lowest value which is consistent with good audibility of 
signal. The secondary Le is adjusted in the usual manner as 
are also the amplifiers. 

(b) The slider of the resistance R is pushed to the left so 
that little or no resistance lies between the capacity C and the 
primary. Without changing the primary adjustment, the 
loading coil Lı and the capacity С, are adjusted so that the same 
signal is received from collector number 2. 

(c) The slider of the resistance E is then moved back and 
forth until the best readability of signals is obtained, the normal 
position being nearer the end of collector number 1 than to the 
capacity С. In other words, the larger part of the resistance № 
will normally be in series with that collector which produces the 
worst strays. 

(d) The condenser С, is now varied so as to shift the phase 
slightly in collector number 2. This adjustment is fairly broad, 
as on account of the resistance Ze, the tuning in the circuit in- 
volving collector number 2 is extremely broad, in fact the cir- 
е Diameter of number 10 wire 20.102 inch 20.259 ст. 
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cult is almost, if not quite, aperiodic. After a few adjustments 
have been made, the balance of the circuit is extremely simple, 
reminding one forcibly of the method of balancing employed 
in the bridge method for comparison of inductance at audio 
frequencies, where variable resistances and one variable induc- 
tance are used and the other unknown inductance 1з fixed. The 
difficulty of balance is of exactly the same order, which means 
that after a very little experience, it 15 not difficult at all. In 
fact, after one or two days' training, this system was put into 
the hands of operators who had had comparatively little ex- 
perience, men who had been thru the Naval Radio School at 
Harvard University and whose only practical experience was 
that which had been acquired in the course of duty at the Belmar 
station. From time to time slight corrections in the balance 
may be advisable, as the character of the strays changes. These 
corrections are, however, mostly in the phase-adjusting con- 
denser C;, and were thought to be due largely to the influence 
of the tide in shifting the phase of the signal in the sea wire. 


6. CHARACTER OF STRAYS 


The behavior of the balanced system is such as to lead to 
the conclusion that strays are very complex. Certain very 
sharp and violent strays were soon recognized, after experience 
with this set, to be of comparatively local origin, traceable to 
some storm within a radius of about one hundred miles (160 km.). 
It would frequently happen that it was possible to obtain trans- 
Atlantic copy when there were violent storms in the immediate 
vicinity of the station. The lightning flashes themselves would 
produce very brief and sharp crashes which also manifested 
themselves at times by discharges thru the lightning arrestors 
in series with ground wires. But these brief disturbances 
constituted only a small interruption in traffic. At other times, 
these local storms which could be seen or heard from the station, 
produced quite complete interruption. It was finally discovered 
‘that if the storm was approaching from a direction at right angles 
to the system, it produced far less interruption to traffic than 
when it approached parallel to the system. In other words, 
the system has a certain amount of what may be called a ‘‘fo- 
cussing effect,” the term being one to which I am indebted to 
Mr. E. F. W. Alexanderson. Referring to Figure 4, it is evident 
that if the two parts of the resistance R are so chosen as to bal- 
ance a disturbance ten miles (16 km.) away, that is to say at 
a distance comparable with the linear extent of the system, it 
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will not balance a disturbance a hundred miles (160 km.) away. 
Since the energy of the impulse varies as the inverse square 
of the distance from the centers of the respective collectors, 
number 1 and number 2, it must be evident that the adjust- 
ment of the slider of the resistance R, which equalizes impulses 
from a nearby point, will be very different from the adjust- 
ment which equalizes disturbances from a great distance. The 
greater the length of the two collectors, number 1 and number 
2, the more pronounced will be this focussing effect. It can be 
utilized to great advantage in distant control work, where the 
interfering station is within a few hundred feet (about a hundred 
meters), but the balance obtained for eliminating such local 
inter'erence is not the same as that which is utilized for the 
elimination of strays. All of the evidence collected during the 
summer of 1918 tends to show that the origin of the strays, while 
varying widely, is, except for those produced by local storms, at 
a very considerable distance, probably several hundred miles 
(over about 500 km.). Rarely did it happen that strays were 
bad at Belmar but what they were reported bad also at Say- 
ville and Chatham. Bar Harbor, however, had entirely differ- 
ent receiving conditions, and on the whole was so remarkably 
free from strays as to be on an entirely different basis. The 
balanced system has, in view of the aforesaid focussing proper- 
ties, a great value in handling local disturbances and nearby 
interferences, but this advantage cannot be utilized to its fullest 
extent at the same time that the stray balancing property is 
made use of. In the event of the necessity of simultaneously 
coping with bad strays and nearby interference, a compromise 
balance has to be effected. 


7. RATIO oF IMPROVEMENT 


Multiplex reception of any number of stations on the same 
ground or sea wires 18 readily possible when using unbalanced 
reception, but with a balanced circuit it 1s necessary that each 
station be received on an independent pair of collectors. Six 
complete balanced circuits, some of the type shown in Figure 4 
and some of the type shown in Figure 5, were therefore installed 
at Belmar and by the middle of April, 1918, all trans-Atlantic 
copy was made using the balanced system. Many observa- 
tions were taken, showing the very great improvement in the 
readability of signals. These observations, in case of strays which 
are very heavy, are difficult to obtain. It has frequently been 
possible to get 95 per cent. copy using the balanced system on 
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signals which, unbalanced, were not even audible on account of 
absolutely continuous strays. Strays which arrive in an al- 
most continuous stream are handled most effectively by the 
balanced system. The following table, reported to the Bureau 
of Steam Engineering under date of July 27, 1918, is typical of 
the results obtained. Since hundreds of observations have 
shown the sea wires to produce twice as readable signals as 
rectangles within the limits of accuracy of audibility measure- 
ments, the last column showing the ratio of improvement over 
rectangle is obtained by multiplying by two the ratio of improve- 
ment over sea wires. Four cases are included in this table 
where unbalanced the signal was inaudible, giving a theoretical 
improvement in ratio of infinity, which, of course, simply means 
that it was not possible to obtain the audibility of the signal 
with the means at hand. 

It is a little hard to say exactly what ratio of improvement is 
obtainable with the balanced system, the same depending so much 
on the character of the strays, but the writer believes that a 
ratio of improvement of 4.3-to-1 over the sea wires, that is to 
say, 8.6-to-l over the rectangle, is a conservative estimate. 
As long as only one balanced set was in operation, much larger 
ratios of improvement were obtained. In fact the ratio of im- 
provement averaged nearly twice as much. There was, however, 
an inevitable reaction when six sea wires were laid side by side 
within two hundred feet (61 m.), no one of the balanced circuits 
showing the degree of improvement that it showed when used 
alone. This is a very important point, and if new stations of 
this character were to be designed, it would be highly advisable, 
as recommended in one of the Belmar reports to the Bureau of 
Steam Engineering, to space the wires as far apart as possible. 
It was estimated in this report that two hundred feet (61 m.) 
between the different collecting systems would be a satisfactory 
spacing. At Belmar, the rectangles used in balanced work were 
entirely too close together, four rectangles being erected within 
a distance of three hundred feet (92 m.). When the Belmar 
system is compared with other systems on the basis of the work 
done in the summer of 1918, the important fact should be borne 
in mind that from four to six balanced circuits were in continuous 
operation in close proximity to each other during the entire 
summer. Further evidence of the improvement produced by 
the advent of balanced sets at Belmar in the early part of April 
is shown in curves numbers 1 to 5 inclusive. Curve 1 represents 
the signals from Carnarvon at 14,000 meters. The vertical 
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ordinates are readabilities, that is to say ratio of signals to 
strays, the base line representing an adverse ratio in favor of 
strays of 4-to-1, which the writer believes is the practical limit 
of readability. It will be seen that from February 22nd,to 
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March 29th, Carnarvon’s signals were getting very bad, being 
unreadable a large part of the time, but with the advent of the 
balanced system, they quickly jumped above readability and 
remained so during the bad summer months. After May 7th, 
Carnarvon shifted his schedule to the afternoon, which also 
produced an improvement in his readability, nevertheless, with- 
out the balanced system he was usually unreadable during the 
summer months. Curve 2 shows a similar graph for Nauen, 
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observations being taken on 12,600 meter wave. Curve 3 shows 
the improvement in Rome's signals on 11.000 meters after the 
first week in April, when the circuit was provided with a bal- 
anced system. The Lyons circuit was not provided with a 
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balanced system on account of the lack of a large enough rect- 
angle for 15,000 meters until the second week in April. Curve 
4 shows the resulting improvement. Curve 5 shows data ob- 
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tained on signals from Nantes on 10,000 meters, but does not 
antedate the balanced system as we had no schedule with Nantes 
during that period. It is felt that the results at Belmar would 
have been somewhat better if the bluff across the inlet had not 
shielded the sea wires considerably. That this was the case 
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was demonstrated by experiments made with an 800-foot (244 m.) 
wire which was towed about further out in the inlet, receiving 
being done on board a small motor dory., The signals were 
noticeably stronger further away from the bluff. 
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8. DIRECTIVITY 


It is difficult to carry out accurate experiments on directivity 
of ground wires. Perhaps the most conclusive experiments at 
Belmar were those referred to in the preceeding paragraph, where 
the 800-foot (244 m.) wire trailed from a motor boat was swung 
about in different directions, maximum signals always being 
obtained when the wire pointed either toward or directly away 
from the European stations. Work done by Mr. H. H. Lyon 
at New London indicated some difference in the strength of 
signal when the wire pointed toward the station as compared 
to what it was when the wire pointed away from it. This was 
not confirmed at Belmar. It is believed that Mr. Lyon's re- 
sults may have been influenced by shielding effects, which was 
certainly not the case at Belmar, as the work was carried on 
well out in the inlet and away from the shore. Concerning di- 
rectivity, it has been noted that the directivity does not seem 
as sharp on very distant stations as it does on nearby stations. 
This is, of course, fully understandable. "There are many routes 
by which a signal might reach a station from a transmitter at 
a great distance. The most striking case noted at Belmar was 
where signals from Cavite, Philippine Islands, 8,300 miles (13,- 


579 


280 km.) distant, were received with an intensity loud enough 
to be heard with the telephones on the table, altho the shortest 
great circle line from Belmar to Cavite, which passes up thru 
Hudson Bay, the Arctic Ocean and thru part of Siberia, strikes 
Belmar almost exactly at right angles to the wires which were 
used for reception. In agreement with the lack of directivity 
at times on long distance stations stand certain results obtained 
by the writer at the Naval Aircraft Radio Laboratory with 
very long wave direction finders. There are times, especially 
around sunset, when the signal may appear to come from a di- 
rection many degrees different from the true bearing of the 
station. Signals have been obtained from New Brunswick, 
distant less than 200 miles (320 km.), which showed a variation 
around sunset of 68° in fourteen minutes, returning to normal 
bearing after sunset, rather large deviations persisting, however, 
thruout the evening. This matter will be reported in the ''Bul- 
letin of the Bureau of Standards," and is fully explainable on 
the basis of the refraction and reflection theory. Evidently 
on very long waves coming from great distances there will be 
times when the resultant wave front really comes from a very 
different direction than the geographical bearing of the station. 
It may be confidently asserted, however, that the directivity of 
the ground wires is of the same nature as that of closed loops, 
and that either one of them will show peculiar directive prop- 
erties on very long waves. As long as the ground wire and the 
rectangle are arranged to have the same line of directivity, the 
balanced system works satisfactorily. 


9. BALANCED SYSTEM WHERE SEA WIRES ARE NOT AVAILABLE 


In this case the balanced system will not handle the strays 
well unless the ground wire is laid in moist ground so that it has 
a better stray ratio than the opposing collector. The opposing 
collector should be a rectangle, but might be a ground wire 
laid in dry soil, 1f such is available. The focussing property of 
the system might, however, be extremely valuable of itself, 
irrespective of the question of stray elimination. Results ob- 
tained at Tuckerton with the balanced system showed very 
favorable results on both points, altho the elimination of strays 
was not as good as that obtained at Belmar. When the set 
itself, which was placed 1,800 feet (549 m.) from the base of the 
Tuckerton tower, was shielded from direct influence of Tucker- 
ton's radiation, remarkably excellent results in the way of elim- 
inating interference from Tuckerton, were obtained. The ex- 
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periments were never completed, owing to the fact that the 
writer was detached as trans-Atlantic Communication Officer, 
while the Tuckerton experiments were only just begun. The 
essential feature of the balanced system seemed to be two col- 
lectors which have fundamentally different ratios of signals to 
strays. The writer believes that it may be possible to construct 
a collector which will imitate the properties of sea wires and 
permit the balanced system to be installed almost anywhere. 
The experiments with lead-covered cable, while by no means 
successful in this regard, showed, however, very definite progress 
in the right direction. The balanced system herein outlined 
has the disadvantage of requiring special properties for one of 
the collectors, which so far have only been obtainable with sea 
wires and with wires laid in moist soil. It has the advantage, 
compared with some other systems, of requiring a comparatively 
small extent of territory for its installation, the total distance 
from the rear of one of the receiving rectangles to the outer end 
of the farthest sea wire at Belmar being 1,800 feet (549 m.). 
Trans-Atlantic work can be very satisfactorily carried on with 
a total distance from one end of the system to the other of 1,400 
feet (427 m.) | 


SUMMARY 


1. Ground wires show positive indication of optimum length 
only in the case of the lead-covered cable lying on the surface. 
It is highly probable that an optimum length also exists where 
the wires are laid in dry soil. There is a decided possibility of 
optimum length existing for wires in fresh water, but wires in 
salt water show no indications whatever of optimum length. 

2. The optimum length, in any event, is much less sharply 
marked for long waves than for short ones. 

3. Multiplex reception is possible on the same ground wire, 
water wire, or surface cable, it being possible to receive any num- 
ber of long wave stations on different wave lengths simultaneously 
as long as the local oscillations are so adjusted that the sets do 
not heterodyne against each other within the range of audibility. 

4. Wires laid in fresh water or in dry ground show the 
same ratio of signal to stray as a large rectangle. Lead-covered 
cable shows a better ratio of signal to stray than the rectangle, 
but the difference is not very great. The best ratio of signal to 
stray 15 obtained with wires laid in salt water; the next best ratio 
with wires laid in wet earth. | 

5. Wires in the earth have been laid as deep as seven feet 
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(2.1 m.) in dry ground without showing any diminution in signal 
strength, in fact the signal strength was greater than for wires 
buried two feet (62 cm.) deep. Wires may be laid in fresh water 
up to sixty feet (18.3 m.) and still receive excellent signals, but 
in salt water the signals fall off rapidly with the depth, satis- 
factory signals for trans-Atlantic work not being received below 
four feet (1.24 m.). From six to eighteen inches (15.2 to 45.7 
cm.) is preferable for salt water. 

6. Various experiments looking to the improvement of the 
receiver in the matter of eliminating strays have been described 

7. А successful method of more or less completely elim- 
inating strays before they reach the secondary of the receiver has 
been described in detail. Two types of balances have been 
utilized in trans-Atlantic work at Belmar. One depends upon 
the dissimilar properties of à land wire and a sea wire and the 
other upon the dissimilar properties of a sea wire and a rectangle. 

8. The method of adjusting the Taylor balance svstem has 
been described. 

9. The character of strays as handled by the Taylor system 
has been briefly discussed. 

10. It has been pointed out that when a number of balanced 
circuits are operated in close proximity, the perfection of balance 
is somewhat impaired. 

11. The ratio of improvement in readability is conserva- 
tively estimated to be 8.6-to-1 as compared to the rectangle, 
when six balanced circuits were used within a small radius at 
the same station. 

12. Curves have been presented showing the marked im- 
provement in receiving conditions at Belmar upon the advent 
of the balanced circuits. 

13. The directivity of the balanced system has been dis- 
cussed and is believed to be essentially the same as that of the 
receiving loop. 

14. The advantage of the Taylor system in requiring a sinall 
area for its installation has been indicated and its possibilities 
outlined for stations where sea wires are not available. 

15. The focussing effect of the system has been described 
and its value in connection with distant control work and the 
elimination of interference has been pointed out. 


SUMMARY: The question of optimum length of (buried) ground wires for 
reception at a given wave length is discussed, and experimental data are given. 
The signal strength obtainable on such wires under various conditions is 


considered. 
The signal-to-stray ratio on ground wires as compared to that on loop 
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receivers (rectangles) is found to be more advantageous, particularly under 
carefully chosen conditions. 

After considering a number of methods of reducing strays which have 
already penetrated into the receiver circuits, there are described a number of 
more effective methods for reducing strays before their entrance into the 
receiver. Thus strays can be balanced out by using a sea wire and a land wire 
as opposing collectors, with an adjustable-phase differential coupling of some 
sort. The wiring of the arrangements used and the practical adjustment are 
given, together with some of the experimental results obtained therewith. 

The distance of origin of strays (or interfering signals) can be adjusted 
for in balancing these out, so that an interesting ‘‘focussing effect” is obtain- 
able wherein the effect of a stray (or signal) in the receiver depends on the 
distance to its source. 

The ratio of improvement in readability of signals thru strays obtained by 
the above arrangement is given conservatively as 8.6-to-1. 

Certain remarkable variations in directional effect sometimes obtained 


are then discussed. 


AN OSCILLATION SOURCE FOR RADIO RECEIVER 
INVESTIGATIONS* 


By 
JULIUS WEINBERGER AND CARL DREHER 


(RESEARCH DEPARTMENT, MaRCONI WIRELESS TELEGRAPH COMPANY OF 
AMERICA) 


1. INTRODUCTION 


The purpose of this paper 15 to describe a source of sustained 
oscillations for use in connection with radio receiver investiga- 
tions, which has been found practical in the Research Depart- 
ment laboratories. A source was required that would reproduce 
the effects occurring in the reception of electric waves on an 
antenna, and which would also produce a minimum amount of 
mutual interference where several investigations were being 
'arried on in the same room, along similar lines. The oscillating 
audion has been extensively used as such a source, as described 
by Austin! and. Armstrong,? but the methods of these authors 
have some disadvantages when applied to our particular case. 
Firstly, the usual audion source gives rise to rather widespread elec- 
tric and magnetic stray fields, even when the bulb is of the smallest 
available туре (a receiving tube) апда minimum amount of power 
output 1s used, so that serious interference results when several 
Investigations are being carried on in the same room on the same 
range of wave lengths. Secondly, in order to measure the energy 
input to the receiver, crystal detectors and galvanometers were 
used to indicate the received current; these require laborious 
calibration against a thermo-ceouple. which must be repeated 
if the crystal should get out of adjustment, and furthermore, 
the lower limit of current which can be thus measured is of con- 
siderably greater magnitude than that obtainable in long dis- 
tance (e. g. trans-oceanic) reception. In the source which we 
shall describe, both of these difficulties have been avoided; by 


* Received by the Editor, March 29, 1919. 

! Austin, PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, volume 
ә, page 239, 1917. 

* Armstrong, PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, vol- 
ume 5, page 145, 1917. 
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suitable construction stray fields have been greatly reduced, 
and, instead of measuring the current in the dummy receiving 
antenna, an emf. of known amplitude is introduced. This is 
exactly what happens when the sct is used under operating con- 
ditions; assuming that there is practically no reaction of the 
current flowing in the receiving antenna upon the passing electro- 
magnetic field. This is probably the case with the usual heavily 
loaded, high resistance receiving antenna circuit, the induced 
emf. being proportional only to the field strength and to the 
height of the antenna. The use of a known emf. instead of a 
known current has the advantage that one may obtain as small 
a known emf. as desired, by mutual inductance methods; 
the known current method, however, is limited by the sensitive- 
ness of the detector-galvanometer system (which permits of a 
minimum current of only about 6 microamperes being meas- 
ured, according to some recent results of Dr. Austin). 

The main source of trouble, however, which we had to elim- 
inate, was the stray field produced by the usual oscillation 
source. A circuit assembled out of ordinary types of coils and 
condensers, connected to a receiving audion so as to produce 
oscillations, gave rise to so strong a stray field that it was im- 
possible for two investigations on the same range of wave lengths 
to be carried on within twenty feet of each other, without mutual 
interference from the oscillation sources. A number of experi- 
ments were therefore first made to deterinine the origin of the 
various fields surrounding the source. 


2. PRELIMINARY EXPERIMENTS 


The circuit used for the production of oscillations is shown 
in Figure 1. Here, L is a single coil, with a double tap brought 
out from its mid-point and connected to the plate battery of 
the tube, C is a variable condenser of about 0.001 microfarads 
maximum capacity, and the vacuum tube is electrically equiva- 
lent to one of the usual small receiving types. Now, in this 
circuit each element— coil, condenser, and tube— gives rise to a 
stray electric field, and the coil also to a magnetic field. When 
oscillations are produced in this circuit, the point to which the 
filament is connected generally remains at a constant, or earth 
potential—probably because of the high capacity between the 
storage batteries which light the filament and earth—and the 
plate and grid terminals of the loop LC oscillate at high, radio 
frequency potentials; thus any metallic bodies connected to the 
latter points (such as the plates of the variable condenser) give 
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rise to stray electric fields, and these cause extremely powerful 
signals in a receiving set when the source is within several feet 
of it. 


FIGURE 1 


In order to study the exact manner in which the induction 
between the source and receiver took place, an elementary 
receiving set of the oscillating audion type was mounted on a 
board so that it could be moved about readily by the observer. 
A wiring diagram thereof is shown in Figure 2. The bulb was 
equivalent to the usual receiving type, Lı and Le were single 
layer solenoids about 4 inches (10 cm.) in diameter having an 
inductance of 400 microhenrys each, C; a condenser of 0.0007 
microfarads maximum capacity, С» was 0.005 microfarads, C; 
was 0.001 microfarads and № about 500,000 ohms. В» was a 
battery of 20 volts and T a pair of Baldwin receivers. All the 
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FIGURE 2 
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apparatus was fastened to a board except coil Le, which was 
connected by a long pair of twisted leads to the rest of the receiv- 
ing set so that it could be used as a search coil. The board 
containing the apparatus was usually placed at a sufficient dis- 
tance from the source so that it was out of range of the effects 
of the fields therefrom, the search coil being used to pick up 
signals. When desired, the observer could handle the coil with 
a long wooden pole so as to eliminate effects due to electric 
fields picked up by his body. 

The oscillator was set up as shown in Figure 1, the apparatus 
being the following: L, two single layer solenoids each about 
4 inches (10 cm.) in diameter and each having an inductance of 
about 170 microhenrys, placed close together; С, a variable air 
condenser, of 0.0015 microfarads maximum capacity. А re- 
ceiving tube was used, and the plate battery was 50 volts. 

The search coil gave us a convenient means of distinguishing 
the kinds of fields around the oscillator, depending upon the 
following principle: If the coil is placed in a field which is 
purely magnetic, then a definite maximum and minimum signal 
is heard as the coil is revolved about its vertical axis, the maxi- 
mum and minimum being 90 degrees apart. If the coil is placed 
in a field which is purely electric, then the signals remain of the 
same intensity all around, as the coil is revolved; inasmuch as 
the coil acts as a metal body upon which charges are induced. 
If both fields are present, then, as the coil is revolved, it is found 
that the maximum signal is not equally loud at two points 180 
degrees apart. That is, if a maximum is obtained, and the coil 
then reversed, end for end, there is a distinct difference in loud- 
ness. This is because the emf. induced in the coil by the electric 
field has the same direction regardless of the reversal of the coil; 
but the emf. induced by the magnetic field is reversed relative 
to that induced by the electric field, when the coil is reversed. | 
In other words, in one position of the ‘coil the effects due to the 
two fields add, and in the other position they oppose. This 
phenomenon gives us a useful method of estimating the relative 
intensity of the two kinds of fields; we employed it to tell when 
we had only a magnetic field to deal with, or when both electric 
and magnetic fields were present. 


(а) SHIELDING: 


With the oscillator operating at a wave length of about 
1,700 meters, it was found that just audible signals were obtain- 
able within a radius of about 15 feet (4.6 meters); the signals 
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were due to an electric field entirely. The entire oscillation 
source (including filament and plate batteries) was next placed 
in a copper covered wooden box; the latter had its cover and one 
side on hinges, so as to permit access to the apparatus, and 
copper covering was also placed around the edges of these parts. 
If the box was closed completely, a fairly perfect copper shield 
was obtained around the oscillator, except for small openings 
where the junction between the shields on the hinged doors 
and on the sides of the box was not quite perfect (due to unavoid- 
able kinks in the copper sheet). The importance of not having 
any such imperfections in the shield was not appreciated until 
later. The shield was always connected to one terminal of the 
filament battery. 

With the box closed, just audible signals, due mainly to a 
magnetic field, were found about five feet (1.5 meters) from the 
shield. By moving the search coil about, it was found that the 
field was especially strong along the little openings between the 
doors and sides of the box, and that the field was predominantly 
electric. These openings were not very large—varying from 
a fraction of a mm. to 2 mm. Undoubtedly, lines of electric 
force issued from these cracks. Along the sides of the box, 
only a modcrate magnetic field was found (due to the oscillator 
coils); it may be noted that the thickness of the copper sheet 
was about 12 mils (0.305 mm.), and at this wave length, the 
magnetic field passed thru very well. When the doors of the 
box were opened wide, signals were audible at the same distance 
as when the oscillator was out in the open, and were due to the 
electric field of the oscillator. 

Another more perfect shield was constructed, consisting of 
a brass cylinder, with top and bottom plates of close-fitting 
heavy brass sheet. With this, it was found that the electric 
field was perfectly shielded off, only the magnetic field remaining, 
as before. Apparently the problem of shielding a radio fre- 
quency electric field is easily solved by the use of a perfectly 
closed screen. 

In attempts to reduce the stray magnetic field, the coils of the 
oscillator were first surrounded by close-fitting iron boxes; the 
output of the oscillator, however, was found to be decreased so 
considerably by this measure, that no definite conclusions could 
be drawn as to whether the diminished external magnetic field 
was due to magnetic shielding or to the diminished output. 
Hence, the entire oscillator, in its brass case, was placed inside 
of a large galvanized iron can, and a galvanized iron cover placed 
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over it. The magnetic field came thru just as before. It may 
be concluded that galvanized iron does not act as a magnetic 
shield for weak radio frequency fields, either because skin effect 
causes eddy currents to flow in the galvanizing and the field is 
affected only by these eddy currents, or because of the low per- 
meability of the iron for these fields. The latter is most probably 
the case, for, in connection with other work, we have noted that 
iron is a very poor shielding material for weak radio frequency 
magnetic or electric fields. 

Another expedient for reducing the intensity of the magnetic 
field was the use of oscillator coils of small size and of the square 
or maxwellian cross-section type; with these, the magnetic 
field falls off in intensity very rapidly with the distance from 
the coil. Toroidal coils were also thought of, since these are 
generally supposed to have no external magnetic field. 


(b) MULTILAYER COILS: 

Two compact coils were built, each wound on a wooden form 
of the size shown in Figure 3. Each coil consisted of 80 turns 
of 7X7 Xnumber 38 litzendraht (diameter of number 38 wire = 
0.101 mm.), wound in five layers of 16 turns each. The induc- 
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FIGURE 3 


tance of cach coil was 260 microhenrys. These coils were 
substituted for the single layer coils in the oscillator circuit, 
and the oscillating current was found to be about the same as 
before. 

With the oscillator enclosed in its brass shield, just audible 
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signale were obtained at а di<tance of less than a foot ЗОЎ.) 
from the shield; the effect. as determined by the search coil was 
due only to the magnetic field of the oscillator coils, the electric 
field being as u-ual completely shielded. 


(c) Токол Corr 


A toroidal coil was wound on a wooden form of the dimensions 
indicated in Figure 4. It had 187 turns of 7X7 Xnumber 38 
litzendraht, with a double tap at the mid-point. From the first 
turn to the mid-point constituted one coil. and from the mid- 
point to the Jast turn constituted a second coil. The inductance 
of both coils in series was 200 microhenrvs. This coil was used 
in place of the multi-laver coils. and the radio frequency oscil- 
lating current found to be approximately. the same as before. 


FIGURE 4 


When the brass shield was closed, and the field investigated, 
much stronger signals were obtained than with the multi-layer 
coils. Rotating the search coil did not reveal any directional 
effects, the signals remaining of the same intensity as the coil 
was rotated. Such an effect could only be caused by an electric 
field. 

However, we had already found that the shield screened 
off the electric field perfectly. We examined the field again, 
with the multi-layer and single layer-coils substituted for 
the toroidal coil and found no traces of an electric field—only 
of a magnetic field. Evidently the shield was still effective in 
cutting down the electric field. 

Zenneck? describes a certain characteristic of toroidal coils 


3J. Zenneck, “Elektromagnetische Schwingungen und Drahtlose Tele- 
graphie," pages 53, 54. 
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which probably accounts for the peculiar results obtained above. 
As long as the current in the coil is constant, a magnetic field 
is present only within the coil; that is, for direct currents the 
toroidal- coil has no external magnetic field. As soon as the 
current varies, this internal magnetic field also varies, and ac- 
cording to Maxwell’s theory, an electric field is induced, with 
lines of force orthogonal to the original magnetic lines of force 
thru the coil, and terminating on the shield. The displacement 
currents flowing to the shield set up a second magnetic field, 
which gets thru the shield. The search coil, however, cannot 
be affected by this magnetic field (which is of the same shape 
as that within the toroid), because the search coil would have 
to be linked with the toroid windings in order to have the 
magnetic lines induce voltages in it. This varying magnetic 
field in turn induces in the ether another electric field, and that 
part of the magnetic field which exists outside the shield of course 
gives rise to an electric field in this region. It is this secondary 
electric field which affects the search coil in the observed manner. 

We conclude, therefore, that the most effective arrangement 
of the source can be obtained by the use of compact, multi- 
layer coils of restricted magnetic field, with copper or brass 
shields surrounding those parts of the circuit which give rise 
to electric fields, the shield being connected to one terminal 
of the filament battery. 


(d) Errects or BRINGING LEADS OUT THRU THE SHIELD 


It will nearly always be necessary to bring leads out from 
points in the oscillating circuit, thru the shield; for example, it 
is inconvenient to keep the filament and plate batteries inside 
the shield, and it will also be necessary to bring out leads for 
coupling the oscillator to the receiver. 

The filament and plate batteries were therefore located out- 
side of the shield, connected by twisted leads, and the field was 
not found to be altered appreciably. It will be noted that the 
negative terminal of the plate battery is connected directly to 
the filament. If the plate battery were connected at any other 
point in the circuit, it would give rise to a strong stray electric 
field in case it were located outside the shield. 

Next, a pair of twisted leads was brought out from point B, 
as shown in figure 5. Signals were immediately audible at a 
distance of 5 feet (1.5 meters) from these leads. Evidently a 
strong electric field was produced. But when the leads were 
brought out at point A, instead of B, the search coil had to be 
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brought very close to them in order to hear anything, and a 
purely magnetic field was found. This residual magnetic field 
produced by a twisted pair of wires was undoubtedly due to in- 
complete opposition of the magnetic fields of the individual 
wires. In this connection it шау be noted that when a small 
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loop of perhaps one cm. in diameter was made by opening out 
the twisted pair. the increase in strergth of the magnetic field 
of the wires was quite marked. 

In may be concluded, therefore. that thoroly twisted leads 
may be brought out from a point in the oscillating circuit which 
is at constant (or ground potential without materially increas- 
ing the existing external field. Such a point may be that imme- 
diately next to the filament, ог. if the plate battery has its nega- 
uve terminal connected to the filament battery, from the posi- 
uve end of the plate battery. No leads should be brought out 
of the shield from other poirts in the circuit. or disturbing electric 
fieids will be produced. 


3. DESCRIPTION OF OSCILLATION SOURCE 

Bearing in mird the conclusions from our preliminary experi- 
menis, the soune described below was bulls. It is intended 
to ove signals ranging from unit sudibility to several thousand 
umes ашыу in a normal vacuum tre receiving set, over a 
wave length range from about 6.000 to 14.0099 meters. It will 
he noticed that electric fields from the variable condenser. bulb 
and oscillating circuit inductance are shielded off: and that the 
energy from the oscillator enters the receiving set at only one 
point in the circuit of the latter, being controiable in amplitude 
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thru purely magnetic coupling. The influence of stray mag- 
netic fields from the oscillator is negligibly small compared to 
that which comes in thru the path desired. 

The wiring of the oscillator is shown in Figure 6, and photo- 
graphs of it in Figures 7 and 8. Referring to Figure 6, the 


FIGURE 6 


condenser C was of about 0.0007 uf. capacity at its maximum, 
coils Lı and Lz were portions of a single coil having a double tap 
brought out at one point of the winding,* B was the plate battery 
which might be varied from 20 to 80 volts in order to vary the 
output, R was a resistance of 12,000 ohms (a Ward Leonard 
resistance unit was"used), and the coupler was one having coils 
of about 40 microhenrys each, with a maximum mutual induc- 
tance of about the same value. The purpose of the particular 
arrangement adopted for sending signals necessitates explana- 
tion. It will be noticed that the resistance R, of 12,000 ohms, 
is inserted in the grid side of the oscillating circuit, and is shunted 
by the primary of the coupler in series with the binding posts 
marked “Key.” (These may have a sending key or automatic 
transmitting arrangement connected to them, outside the oscil- 
lation source.) When the key is open, the resistance R effec- 
tually prevents oscillations from occurring; when closed, the 
resistance is short circuited by the primary of the coupler, and 
oscillations occur thru it. "This particular system was found 
to be the only one which gave clear signals when reception was 

4 This coil was especially made to be as compact as possible. It consisted 
of 1,200 turns of number 28 S.S.C. wire (diameter of number 28 wire = 0.32 mm.) 
with the taps brought out at 300 turns, wound so as to have an inside diam- 
eter of 1.4 inches (3.56 ст.), an outside diameter of 2.6 inches (6.6 cm.) and a 


width of 0.6 inch (1.52 em.). "The total inductance was about 73 millihenrys, 
L, being 44 and Г, 5.3 millihenrys, respectively. 
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carried on by the heterodyne method; we had previously tried 
Inserting the key in the plate battery leads and in other parts 
of the oscillation circuit, but the received signals always had a 
little variation in tone as the key was pressed or released. That 
js, as the oscillations were started and stopped, a slight variation 
in frequency to and from the normal oscillation frequency 
occurred, giving peculiar signals which were not clean-cut like 
the signals received from а radio frequency alternator or arc. 
It was found desirable not to interrupt the oscillation circuit 
completely, in sending, and the 12,000-ohm resistance cut into 
or out of circuit gave best results. In this connection, it may 
also be mentioned that good contact is very important in send- 
ing, with these small oscillating currents; the ordinary sending 
key when firmly operated in the manner customary with good 
operators, gave satisfactory signals. However, when an omni- 
graph was substituted for the key, so as to provide automatic 
transmission, the contacts were found to be insufficiently firm; 
hence, a telegraph relay (Western Union Company’s type 3C 
signal relay) was used instead, which was itself operated by the 
omnigraph. The large contact points and firm pressure on the 
relay armature gave clean-cut signals; it was found desirable 
to connect the iron case of the relay magnet to the negative end 
of the filament to eliminate electrostatic induction from the 
interrupted direct current traversing the winding of the relay. 
“ven this is not wholly satisfactory, however, and the best 
method of getting rid of clicks in the receiver from the relay 
direct current would undoubtedly call for thoro iron and copper 
shields completely around the magnets. We prefer to carry 
on tests with one man sending unknown material on a hand 
key, which has the double advantage of absence of direct current 
clicks and the reception by the other man of material unknown 
to him (one very soon becomes familiar with the material on 
some automatic transmitters). 

Figure 7 shows the assembly of parts; individual units of 
commercial apparatus were merely assembled on a board. At 
the left, rear, is a filament ammeter, which is extremely neces- 
sary since the power output and frequency calibrations of the 
oscillator are correct only at one particular filament current; 
on the back of the ammeter is fastened a filament rheostat. At 
the right of the ammeter is the resistance unit R (shown better 
in the next figure); in front of it the variable condenser. The 
box-like affair in the middle is a wooden case covered with 
copper sheet, serving as a shield over the bulb and oscillating 
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FIGURE 7 


circuit inductance; in Figure 8 the latter elements are shown 
with the cover removed, resting on a copper plate over which 
the copper-covered box fits tightly (the copper on the box being 
brought around under its lower edges so as to make contact with 
the copper base plate). At the extreme right is the coupler 
between oscillator and receiving set. The oscillation circuit 
is connected to the rotating coil of the coupler, the receiving set 


FIGURE 8 
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to the fixed coil. This is found necessary, since the coil which 
connects to the receiver 18 subject to some magnetic induction 
from the oscillation circuit inductance unless it is suitably placed 
with respect to the latter; by using the fixed coil of the coupler 
for the receiver connection and placing this so that its windings 
are at right angles to the magnetic field lines of the oscillation 
circuit inductance (which lies horizontally), this difficulty is 
avoided. The exact position is easily found by trial; the leads 
from the oscillating circuit to the coupler are short-circuited, 
the receiver connected by twisted pair leads 3 or 4 feet (1 meter) 
long to the stationary coupler coil and the entire coupler 
rotated until no signals are heard. Then there is no magnetic 
induction between the oscillating circuit and receiver, and any 
magnetic induction thereafter will be due to the field from the 
moving coil of the coupler (which is in the oscillating circuit). 
Usually we have found that the proper location of the coupler 
is as shown in the photographs. 

The variable condenser we used had a metal case (brass or 
aluminum), but had its plates suspended from an insulating top; 
we found that it was necessary to complete the shield by putting 
a copper plate underneath this top, with a small hole cut where 
the shaft of the moving plates came thru. The metal scale 
was insulated from the moving plates, and we found that a con- 
siderable electric field leaked out thru the hole where the shaft 
came thru unless this scale was grounded to the rest of the con- 
denser shield (it will be noted from the wiring diagram of the 
set that neither set of plates may be grounded); hence a small 
phosphor bronze brush was arranged to bear against the moving 
scale and connect it to the shield. With these precautions no 
appreciable electric field was found to emanate from the con- 
denser. The two leads to the condenser were brought out thru 
the shield over the bulb and coil, and were very short; it was 
not found necessary to shield them, altho we had expected that 
it might be required. All shields were connected to the negative 
end of the filament. 


4. RESULTS OBTAINED WITH OSCILLATION SOURCE 


(a) CALIBRATION DATA 

In Figures 9, 10, 11, and 12, there are given certain data relating 
to the constants of the oscillator. Figure 9 gives the mutual 
inductance between coils of the coupler for various settings. 
This was made on an inductance bridge at audio frequency. 
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FIGURE 9 


Figure 10 is the wave length calibration, which is correct 
only for the type of tube employed, operated at a filament cur- 
rent of 1.05 amperes; for other tubes and other filament currents 
this calibration (as well as the other calibrations given below) 
will vary slightly. However, when a given tube is always 
operated at the same filament current and plate battery, a cali- 
bration once made will remain the same for a long time. We 
have operated a tube day after day, at the same adjustments, 
and found absolutely no variation in the pitch of the heterodyne 
signal on a receiving sct kept at constant adjustment. This 
calibration was made by receiving signals simultaneously from 
a large oscillator which had previously been calibrated by a 
wave meter and from our little oscillation source, on a crystal 
detector set. The interference between received currents due 
to the two sources gave rise to a beat tone in the receiver, and 
when zero beats were obtained the small oscillator was operating 
at the same wave length as the large one. 
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Figure 11 shows the radio frequency current in the oscillator 
circuit (that 1s, thru the primary of the coupler) with 20, 40, 60, 
and 80 volts plate battery. This was obtained by inserting a 
thermo-couple and galvanometer arrangement in series with 
the coupler primary as shown in Figure 13. The thermo-couple 
'annot be inserted directly in the circuit, since there is some 
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direct current flowing here; this direct current partially leaks 
thru the d. c. galvanometer and causes entirely erroneous de- 
flections thereof. For example, reversing the circuit connec- 
tions to the thermo-couple may cause different deflections, or 
even reversed deflections, to occur. Thermo-couples (even of 
the “heater” type), should never be connected directly in a 
circuit containing both direct and alternating currents; the 
arrangement shown in the figure is, however, free from this 
objection cited. 

It will be seen that an inductance L, of impedance consider- 
ably higher than that of the thermo-couple heater, is shunted 
by a condenser in series with the heater. In our case L was 1 
millihenry, C was 1 microfarad, the thermo-couple was one of 
R. W. Paul's vacuum types having a heater resistance of 0.8 
ohms, and the galvanometer was a Leeds and Northrup suspen- 
sion galvanometer (model 2285, 10 ohms coil resistance, 7 seconds 
period). The combination of thermo-couple and galvanometer 
alone had been previously calibrated at 60 cycles against electro- 
dynamometer instruments. 

Figure 12 shows the emf. induced in the stator of the coupler, 
at a wave length of 12,500 meters (this is the wave length of the 
station at Nauen, Germany) computed from the observed cur- 
rents, mutual inductances, and frequencies. 
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These values are given for various plate battery potentials. 
To find the voltages at wave lengths other than 12,500 meters, 
this equation may be used in connection with the curves pre- 
viously given. 
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FIGURE 13 


(b) AUDIBILITY OF SIGNALS COMPARED WITH MUTUAL 
INDUCTANCE BETWEEN COUPLER COILS 

As a test of our assumption that the emf. induced in the 
stator of the coupler was proportional only to the mutual in- 
ductance between coils, the audibility of signals received by the 
heterodyne method on an experimental receiver was compared 
at various settings of the coupler. Acċording to Dr. Austin’s 
results, the audibility should be proportional to the emf. intro- 
duced into the receiver; and. such. proportionality was indeed 
found, the audibility being proportional to the mutual induc- 
tance, within limits of error in this class of measurement. In 
this connection, it may be observed that the customary method 
of measuring audibility in vacuum tube receivers, namely, 
putting two pairs of telephones in series and shunting one of 
them with the audibility meter, gives markedly incorrect re- 
sults. If one observer listens in the unshunted pair of tele- 
phones, while the other is being shunted, the signals will be 
found to vary appreciably as the shunting resistance is varied. 
Obviously, the impedance of the output circuit of the tube is 
not maintained sufficiently constant by the extra pair of tele- 
phones. We found that to maintain the signals of the same 
intensity with or without a shunt on the telephone, it was neces- 
gary to add an inductance of about 10 to 15 henrys in addition 
to the customary extra pair of telephones, in the plate circuit 
of the tube. Such an inductance may be made of about 10,000 
turns of fine copper wire on a silicon steel laminated core about 
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0.5 inch (1.25 cm.) in diameter and about З inches (7.62 cm.) 
long. А convenient method is to wind the wire on a hollow 
insulating tube, in which the core laminations may be slipped in 
and out and then, with the coil on an audio frequency inductance 
bridge, insert enough laminations to give the inductance de- 
sired. The current in the bridge should be as small as possible, 
so as to work the steel at a magnetizing force which falls in the 
region where the iron permeability is constant; the ordinary 
buzzer-driven inductance bridge is quite satisfactory in this 
respect. 

It was also found that no signals were obtained at exactly 
the point of zero mutual inductance, on the coupler (49.5 scale 
divisions); this is an accurate check on the assumption that 
the induction between coupler coils was practically purely 
magnetic. 


(с) OPERATION OF SET 


In using the apparatus, it is first placed at a distance of 
about. 3 feet (90 cm.) from the receiver under test, the filament 
current and plate potential being set at the calibration values. 
The coupler is then set at the point of zero mutual inductance, 
the receiver connected by thoroly twisted pair to the coupler 
stator, and one man transmits signals. If any are heard in the 
receiver they are due to a residual stray magnetic field which 
emanates from the oscillating circuit coil and gets thru the shield 
over this coil (a certain amount of the magnetic field 1s cut out 
by the shield, duc to eddy currents, but some comes thru). The 
receiver or oscillator is then rotated about until no signals are 
heard. When this has been accomplished, the emf. desired is 
produced by suitable settings on the oscillator. 

One use for this equipment might be the following: If it 
were desired to measure the emf. induced in a receiving antenna 
by a transmitting station, day after day, very accurate results 
could be obtained by having the secondary of the coupler con- 
nected in series with the receiving antenna (while reception was 
going on), and having one man send, by hand, material similar 
to that being transmitted by the station; while the second man 
adjusted the coupler setting until the signals were readable 
equally. It is obvious that the results obtained would be inde- 
pendent of personal equations, of errors arising due to daily 
variation in receiver adjustments and stray intensity, all of 
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6 This idea is originally due to Messrs. R. A. Weagant and G. H. Clark, altho 
for a ditferent purpose. 
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which enter into the present method of taking only audibility 
measurements. 

We wish to express our indebtedness to Dr. Alfred N. 
Goldsmith for his valuable suggestions in connection with this 
work; and to Messrs. Sonkin and Ringel, of this Laboratory, for 
assistance with the experiments and calculations. 


SUMMARY: A source of long-wave, sustained oscillations, for use in con- 
nection with investigations on radio receivers, and providing standard con- 
trollable signals of the same character as those due to actual radio signals, 
is considered. Heretofore, such sources have had the disadvantages that 
they necessitated the measurement of small ‘‘received currents," and also, 
that considerable interference was caused by stay electric and magnetic fields 
emanating from the elements composing the oscillation circuit. The latter 
makes it difficult to carry on numerous researches in the same room on the 
same range of wave length; while the former cannot be accomplished with 
present-day apparatus for the minute currents occurring in trans-oceanic 
reception. The source described provides an emf. of known magnitude, 
rather than a current, which is exactly what occurs under operating condi- 
tions. In order to devise methods of reducing the intensity of stray fields 
from the source, a number of preliminary experiments are made and suitable 
methods of shielding and construction of oscillator elements are determined. 
A practical source utilizing these principles is described and construction and 
calibration data given. Finally, the use of this type of source in connection 
with transmission measurements on long distance radio communication is 
proposed, to replace the ordinary audibility measurements. 
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ON THE DETECTING EFFICIENCY OF THE THER- 
MIONIC DETECTOR* 


By 
Н. J. VAN DER Bur, M.A., PH.D. 


(WESTERN ELECTRIC CoMPANY, INCORPORATED, NEW YORK City) 
1. INTRODUCTION 


Altho the thermionic detector, also known as the audion 
detector, is now used extensively in the reception of radio signals, 
I have not come across any publication. which describes а satis- 
factory method of determining its detecting efficiency in absolute 
units. There has been no satisfactory way of expressing what 
constitutes a good detector. In the early stages of development 
of a new device the lack of quantitative expression is perhaps not 
so severely felt. But the thermionic tube or audion has now 
passed beyond these stages. Тһе work that has been done on 
the device in this laboratory has reached a stage where the tube 
is designed to have definite electrical constants depending on the 
purpose for which it is supposed to be used and which are de- 
termined from equations giving the relation between these con- 
stants and the structural parameters of the tube, such as the 
structure of the grid, its position relative to the anode and cathode 
and so on. Definite expressions for efficiency have thus become 
a necessity. 

The structural equations were formulated by the writer, 
on the basis of an extensive series of investigations, with a suf- 
ficiently high degree of accuracy to meet practical requirements. 

It was, therefore, a comparatively simple matter, when the 
Signal Corps required tubes for field and airplane radio work, 
to design tubes having the electrical characteristics that were 
necessitated by such uses, for example, low power consumption 
and satisfactory operation over wide ranges of filament and plate 
battery voltages. And all that was necessary was to strengthen 
mechanically the structure of the tube to withstand the con- 
templated rough handling in the field and the vibration to which 

* Received by the Editor, April 9, 1919. Presented before THE INSTITUTE 
or RADIO ENGINEERS, New York, May 7, 1919. 
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tubes are subjected] on an airplane and to solve the protiems 
of quantity production. It should be remarked that the tubes 
designed and manufactured before the war by the We-tern 
Electric Company and that have been used -ince 1914 as arupli- 
fying repeaters on long distance telephone lines, attained a 
higher degree of precision and uniformity of operation, than any 
tubes that were manufactured for war purposes. The reason 
for this is that on telephone lines the tube is usually inserted 
in the line at some intermediate place between the receiving 
and tran-mitting stations. the repeater stations being so ar- 
ranged as to relay telephonic currents in both directions. It was 
therefore necessary for the tubes to have definite electrical con- 
Ktants to prevent their insertion in the line from causing an un- 
balance. Considering, furthermore, that on long lines several 
repeater stations are used and that sufficient distortion can be 
produced to make the transmitted speech unintelligible unless 
the tubes are properly designed and operated, it will become 
apparent that tubes to be used for relaying telephonic currents 
have to satisfy rather rigid test specifications. In radio 
telephony, on the other hand, the vacuum tube receiving sets, 
containing detector and amplifier tubes, are designed to trans- 
mit current only in one direction, and furthermore work directly 
into the telephone receiver. Requirements on such tubes need 
therefore not demand such close limits. 

In the case in which the tube is used simply as a power 
amplifier, such as a telephone relay, methods of measuring the 
power amplification have been in use for many years. The most 
commonly used method consists in making a transmission test in 
which a current of about 800 cycles is amplified by the tube and 
attenuated by an artificial line of known attenuation constant. 
If the length of the line is adjusted to attenuate the current as 
much as it is amplified by the tube the degree of amplification 
can be computed from the constants of the line. This affords 
an extremely simple and rapid determination of the degree of 
amplification that a tube can give. (See Appendix.) 

The detecting efficiency can, however, not be determined by 
such simple means, because here it is necessary to obtain a rela- 
tion between the audio frequency power in the output of the 
detector and the radio frequency impressed on its input side. 
This determination 1s made difficult by the necessity of meas- 
uring the extremely small alternating currents involved in any 
attempt to carry out the experiments under conditions approach- 
ing those met with in practice. The currents to be measured 
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in the output range from 107* to 1079 ampere. The use of hot 
wire instruments is, therefore, entirely out of the question. To 
overcome this difficulty the telephone receiver has been resorted 
to as а measuring instrument. This means has been made use 
of in the so-called "audibility method," which is, however, sub- 
ject to serious limitations as will be shown below. The unre- 
liability of the audibility method makes it quite unsuitable for 
standardization purposes. In seeking to minimize the psycho- 
logical and physiological influences attending measurements 
made by the audibility method, I devised the following method 
which it is the purpose of this paper to describe. "This method 
which allows of relatively easy measurements and a good degree 
of accuracy, has been in use in this laboratory for two years 
for the purpose of standardizing detector tubes, and as a labora- 
tory method has given very satisfactory results. It can be, and 
has in this laboratory been applied in the study of detec- 
tion with heterodyne or regenerative circuits as well as in the 
case of straight detection of modulated waves. 

2. THE PRINCIPLE OF THE METHOD can be gathered from 
the schematic diagram shown in Figure 1. Modulated high 
(radio) frequency oscillations can be impressed on the detector at 
C. The input voltages ranged from a few hundredths to a few 
tenths of a volt, and can be measured with the Duddell thermo- 
galvanometer G and non-inductive resistance r. In order to 


FIGURE 1 


measure the resulting audio frequency current in the telephone 
receiver Т, which we shall call the detecting current, a generator 
U is used to produce an auxiliary tone of the same frequency as 
that of the detecting current. The current, 4, from the gen- 
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erator is so large that it can be easily measured with a thermo- 
couple and milli-ammeter A, and can be attenuated by means 
of the shunt S, to a sufficient extent to make the branch current 
1 equal to the detecting current. The current 7 can be com- 
puted in terms of the measured current 7, and the constants of 
the shunt S, and this gives the detecting current when S is so 
adjusted as to make the note in the receiver of the same inten- 
sity for both positions of the switch W. 

The shunt S is of the type commonly used in telephone 
measurements where it is known as a receiver shunt. It con- 
sists simply of shunt and series resistances so arranged in a box 
that when a telephone receiver of specified impedance is con- 
nected to one side the total impedance into which the generator 
works remains constant for all adjustments of the shunt. This 
nsures that the current 7; remains constant for all values of 7. 


3. DETECTION COEFFICIENT. In connection with the study 
of thermionic detectors two of the main problems encountered 
are (1) the direct measurement of the detection coefficient, and 
(2) the formulation of the relationship between the detection 
coefficient and structural and operating parameters of the tube 
and circuit. The latter is of importance in properly designing 
the tubes while the former is important in that it furnishes a 
means of measuring and expressing the degree of merit of the 
tube used as a radio detector. 

The relation between plate current and applied voltages 
can be expressed by 


1=) Hie), (1) 


where Ep and Е, are the plate and grid potentials with respect 
to the filament and є a constant. The form of the function f 
depends upon the constants of the tube and circuit. It is im- 
portant to discriminate between the characteristic of the tube 
itself and that of the tube and circuit. When the tube is used 
simply as a power amplifier its characteristic can be expressed as! 


I -«(E +Е е)» (2) 


that is, in terms of the tube constants which again bear definite 
relations to the structural parameters. This equation is a first 
order approximation and consequently needs modification be- 

tH. J. van der Bijl, “Phys. Rev," 12, page 171, 1918; PROCEEDINGS OF THE 
Institute oF Клоо ENGINEERS, volume 7, page 97, 1919. 
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fore it can be applied to the tube when used as a radio detector, 
because detecting action depends on second order quantities, 
being determined by current rectification in the grid circuit 
when the tube is used with a blocking condenser in the grid 
circuit, and by the second derivative of the plate current char- 
acteristic when operated without the blocking condenser. For 
the present we shall consider only the latter case. 

When we are concerned with the direct measurement of the 
detection coefficient, it is not necessary to formulate the char- 
acteristic in terms of the tube constants, since it is always pos- 
sible to express the characteristic of the tube and circuit in a 
convergent power series: 


J=aetae*tazei+ ° (3) 
where J is the varying current in the output, e an alternating 
emf. impressed on the grid circuit, апа aj, aa * ° ° are functions 


of the tube and circuit constants.? 

The only term that need be considered as effective in detect- 
ing is the second, since the series converges so rapidly that all 
terms of higher order than the second can be neglected. We 
can, therefore, express the detecting current 7 as 


т=ае? (4) 

The quantity а represents what is referred to as the detection 
coefficient. 

4. RELATION BETWEEN DETECTION COEFFICIENT AND THE 


OPERATING PLATE AND Grip VOLTAGES. If the detecting cur- 
rent, 2, be measured as a function of the “effective grid voltage" 


(2 +Ee+e), the input voltage e remaining constant, it will 


be found that as the effective voltage is increased (by increas- 
ing either Ев or E.) the detecting current at first increases, 
reaches a maximum, and then decreases. This effect has 
doubtless been noticed by most workers using audion detec- 
tors. 

If the parabolic characteristic equation (2) were correct to 
a second order the detecting current would not show a maximum 
but remain constant. The cause of this maximum lies in the 
potential drop in the filament occasioned by the filament heat- 
ing current. It can be explained as follows: 

The effect of the potential drop in filament on the charac- 
teristic of a simple thermionic value has been given by W. Wil- 


1 See J. R. Carson, PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS, 
volume 7, page 187, 1919. 
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son of this laboratory? who finds that two characteristic equa- 
tions are needed according as the potential difference V between 
the plate and (say) the negative end of the filament is less or 
greater than the potential drop E; in the filament; thus 


I=C V? for V<E,. | (5) 
I=C[V!—(V—-E,)*] for V>Ey. 

In order to obtain an indication as to where the maximum 

of detecting current occurs, without making an attempt to 


express the actual value of the maximum quantitatively, we can 
apply these equations to the three-electrode tube by substi- 


tuting the effective voltage (= EA) for V: 
I -e(E +в) (6) 
1 j 
dfe" Eaa] о 


If the current is plotted as a function of the effective voltage 
according to equation (6) for all values of effective voltage less 
than the potential drop in the filament and according to (7) 
for effective voltages greater than the filament drop, the resulting 
values form & smooth continuous curve closely approximating 
a parabola. The second derivative, however, shows a distinct 
maximum at an effective voltage equal to the potential drop in 
the filament. The effect can be made clear if we consider the 
simple case in which the tube works in a non-reactive output 
circuit of resistance R. In this case the detection coefficient 
can be expressed as“ 

__1# Ro Re’ 
` 2(R4- Ry 


where №, is the а. c. plate resistance of the tube and №, its first 
derivative. „апа №, can be evaluated from the characteristic 
of the tube by the formation of the derivatives 


d , OR, 
№, = д p and Ro == Еһ 
0 En 


This gives, putting У +E-+€=Ve: 


3 Paper read аё the Philadelphia meetin, of the American Physical So- 
ciety, December, 1914. 
4J. R. Carson, previous citation. 
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"T Ro 3 » 
-c'à P Y pac (У, Ey] (9) 
SO’ MUR Итин 


according as V, is less or greater than the potential drop E; 
in the filament. It will be seen that for constant values of 
Ro \3 , | 
(ктк) , that is, when R is small compared with R., the 
coefficient a, which is a measure of the detecting current, in- 
creases with V, according to equation (8) and decreases with V. 
according to equation (9). The result is a curve like that shown 
in Figure 2. The simple rule, therefore, to obtain the best 


FIGURE 2 


results when using a tube without a blocking condenser in the 
grid circuit, is to make 


PERLES (10) 


Thus, supposing that к= 12, e=—0.5, and E,=2.5 volts, 
and the tube be operated without a grid battery, then the best 
plate voltage would be about 36 volts. An experimental curve 
is shown in Figure 3. | 

In determining the detection coefficient due regard must 
be taken of its dependence upon the applied d. c. plate and grid 
voltages. 


5. INPUT SIGNAL WAVE. When measurements on the de- 
tection coefficient are made for the purpose of expressing the 
degree of merit of detectors it is necessary to specify the nature 
of the impressed radio frequency oscillations. The input volt- 
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age e may be characterized as the root-mean-square value of 
an unmodulated radio frequency voltage in which case a hetero- 
dyne local source of voltage or a regenerative circuit is needed 
to detect the oscillations; or it may be characterized as the 
root-mean-square of a modulated radio frequency voltage, which 
category would include spark signals. 


DETECTING CURRENT 


E LU У; 
PLATE VOLTAGE. 


FIGURE 3 


For the measurements under consideration, continuous 
unmodulatedřoscillations are unsuitable because the audio fre- 
quency response in the telephone receiver is determined mainly 
by the strength of the local auxiliary oscillations which is, in 
general, large compared with the strength of the received oscilla- 
tions. Spark signals would be quite unsuitable, since here the 
character of the wave cannot be expressed in definite terms. 
The simplest and most easily reproduced type of wave is a radio 
frequency sinusoid modulated with an audio frequency sinusoid 
by means of a modulating device, such as the thermionic modu- 
lator, which enables the modulation to be controlled at will. 
This is the type of wave that was used in these measurements. 

In order to specify fully the signal wave it is necessary to 
discuss briefly the process of modulation as effected by means 
of the thermionic vacuum tube. If we impress on the grid- 
filament circuit an emf. 


€ — €, sin pl--es sin qt (11) 
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р q 
where 2; and 22 
then the current established in the plate circuit (“output circuit") 
can be represented by the convergent power series (3). In 
general all terms of higher power than the second can be neg- 


lected, so that the current in the output can be represented by: 


are radio and audio frequencies respectively, 


J =a; (е, sin pt +e sin qt) --as (е, sin pt+ez sin pt)? 


Let the output of the modulator be tuned to a frequency range 
p+q, so that currents of these frequencies only will be radiated. 
We can, therefore, in evaluating the above expression, drop all 
terms representing frequencies that fall outside of the range 


p+q, such as oP ‚ L, and a A simple trigonometrical 
r 2r 7 
transformation then gives for the radiated wave: 
A sin pt (1+-B sin qt). (12) 


where A and B are constants involving e; and e; and further- 
more depend upon the constants of the modulator tube and cir- 
cuit. This is a simple type of modulated wave and results from 
the curvature of the vacuum tube characteristic. Referring 
to Figure 4 which represents the plate current, grid voltage 
characteristic, if a radio frequency voltage о а be superimposed 
on the negative d. c. grid voltage E., the output current will be 
proportional to a b. If Е, be reduced to Е, or increased to E.”, 
the output current will be increased to a'b’ or reduced to a’’b”. 
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value, — fn this ca, B in equation 12, is unity and the Wave 
can be said to be completely modulated. 

Ít ie very important in TIhCa-Uretients relating to the detecting 
eflicieney to inaure that the input wave is completely modulated, 
The: necessity for this can cally be sen {гош the following 
consideration., 

И a voltage represented by (12) be inipressed on the input 
Of the detector, the detecting current сап be obtained from: 


1=4 [A sir pl 1ل‎ +B sin qt)}? 


which on evaluating and dropping all terms representing inaudi- 
ble fresuencies gives for the detecting current which can be 
heard in the rece ver: 


2 р? 
a À? HB sin qt— P 2 сов 2 qt. (13) 


[is root-mean-square value is 


е = 
А* В? Б? 
Xs] - (14.2 14 
v5 ( +16) (м) 
The second term in the parenthesis represents a note of double 
the fundamental frequency and іх generally weak enough to be 
neglected, во that we may write 
2 
xX 4B (15) 
V2 
The rans. value Y of the modulated input represented by 


(12) eun be evaluated by putting p=n 4, since p is large com- 
pared with q. This gives 


2 2 


Comparing (16) with (15) it is seen that for à constant value 
of the input Y, as measured by the Duddell galvanometer G 
(Figure. 1), the response X in the telephone receiver depends 
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upon B, that is, upon the extent to which the incoming wave 
is modulated. In order to obviate any error due to this effect 
it is necessary to make B=1 by completely modulating the test 
wave, which can then be specified by the expression - 


A sin pt (1—sin qt) (17) 


It is to be remembered that a modulating device for which 
the power series (3) does not converge sufficiently rapidly to 
enable us to neglect terms of higher power than the second, will 
not produce a modulated wave as specified by (17). The char- 
acteristic of the thermionic vacuum tube, however, converges 
so rapidly that it satisfies (17) within the limits of experimental 
error. The wave used in the experiments described in this 
paper was a 300,000 cycle wave completely modulated by 800 
cycles with a thermionic tube and can therefore be regarded as 
being characterized by expression (17). Complete modulation 
was secured by predetermining the negative grid voltage neces- 
sary to reduce the current to zero for the plate voltage used and 
then making the peak value of the audio frequency input voltage 


equal to = — E., where E. is the constant grid battery voltage. 


6. FUNCTION OF THE RECEIVER SHUNT. The receiver 
shunt furnishes a quick and simple means of measuring detect- 
ing currents. Its series and shunt resistances each consist of a 
number of separate non-inductive resistance units, so arranged 
that definite pairs are connected in circuit for each adjustment 
of the shunt, their values being so chosen that the total imped- 
ance into which the generator U works remains constant. The 
value of a constant impedance shunt becomes apparent when 
considering the measurements in the determination of the 
detecting current as a function of the input signal strength. 

For convenience in representing the measurements, the 
relation between the generator current ù, as measured by the 
ammeter A, and the detecting current 7 can be represented by 
the well known equation for current attenuation by a line or 
cable: 


г = 6" (18) 


where е is the base of the natural logarithms, d is the length 

of cable of which a is the attenuation constant per unit length. 

The constant « is, of course, purely arbitrary. In conformity 

with practice among telephone engineers we shall make a equal 

to the attenuation constant of the so-called "standard number 
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19 gauge cable," namely, 0.109 per mile at a frequency of 800 
cycles per second.* This reference cable has a capacity of 
0.054 microfarad and a resistance of 88 ohms per mile at a fre- 
quency of 800 cycles per second. The current attenuation can 
then be expressed in miles, d, of the chosen standard cable of refer- 
ence, the receiver shunt being calibrated in terms of two-mile 
steps. Length of cable forms a very convenient unit of meas- 
urement in cases where the telephone receiver is used as the meas- 
uring instrument. This unit has long been in use in telephone 
‘practice and I would urge its general adoption in measurements 


Р А . 1 
relating to radio detectors. The fact that the current ratio d 


changesrapidly with the cable length d isnotadisadvantage attend- 
ing the use of this unit because small changes in current are not 
easily detected with & telephone receiver, which, on the other 
hand, gives sufficiently accurate readings since it is the instru- 
ment used in practice for giving us sense impressions of current. 
In fact, it is usually sufficient if the receiver shunt is calibrated 
in steps of two miles of standard cable. With a little practice 
such a calibration allows of an estimate to within one mile. It 
is to be understood that the relation between the length d of 
cable and the current ratio depends upon the chosen value of « 
which must be agreed upon. Wherever reference is made in the 
following to miles of cable the value of а will be understood to 
be 0.109. For convenience of reference the relation between d 


and > for this reference cable is given in Table 1. 


TABLE 1 


Miles of Miles of. Current 
Standard Standard Ratio 
Cable 1 Cable à 


1 


232 

689 
2.05 X 10° 
6.08 X 103 
1.82 X 10 
5.35 X 104 


`` *1 mile=1.6 km. 
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7. EXPERIMENTAL ResuLTs. Since the detecting current 
t and input signal voltage e are connected by 
1—ae? (4) 
we get by substitution in (18): 
d=—2K logwe+C 
where 


= й 
С = К одо = | 


к= aaa 


The detection cocfficient а can now be obtained in a simple 
way by successively applying different input voltages e to the 
tube and every time adjusting the receiver shunt S (Figure 1), 
so as to make the note in the receiver T of equal intensity for 
both positions of the switch W. The intercept C (log e=0) 
of the straight line (19) gives a in terms of the known values 
of K and +: 


(20) 


log a = log а-® (21) 


The source of audio frequency which supplied the auxiliary 
note was used also to modulate the radio frequency. The cir- 
cuit arrangement is shown in Figure 5. U represents the source 
of audio frequency current. What was actually used for this 
purpose in these experiments was a vacuum tube oscillator. 
The microphone generator shown in the diagram serves the 
purpose as well and has been used in portable vacuum tube 
testing sets. Its principal of operation is the same as that of 
an interrupter altho it is much superior, the interrupter being, 
on account of its unreliability and need of constant adjustment, 
practically useless for accurate measurements. "The micro- 
phone generator which has long been used in telephone testing 
work, has the advantage that its circuit is never broken as in 
the case of the interrupter, the resistance of the carbon being 
merely varied harmonically by the effect of the flux in the coil 
on the diafram. It is therefore free from the usual troubles 
attending the use of an interrupter, such as sparking and consc- 
quent corroding of the contacts. It operates on about 3 to 5 
volts d.c. Тһе а.е. obtained from it is transmitted thru a 
filter F to give a pure note of 800 cycles. This and the radio 
frequency oscillations obtained from the vacuum tube oscilla- 
tor O are both impressed on the input of the modulator M, the 
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resulting modulated wave being unpres--d on the detector D. 
By means of the switch. W. the low frequency current can be 
transmitted either to the modulator or, thru the shunt S. to the 
telephone receiver Т. Since the receiver had an impedance of 
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20,000 ohms the transformers T, and T; were inserted to insure 
that the generator U works into the same impedance for both 
positions of the switch W. If the audio frequency current is 
measured by A on the low side of the line a small correction 
might be needed for loss in the transformer Tı. However the 
audio frequency vacuum tube oscillator used in these experiments 
gave sufficient power to enable the current to be measured 
directly in the 20,000-ohm line. The receiver shunt S gave a 
maximum attenuation of 30 miles of standard cable ( : -253). 
For higher attenuations extra shunts S', each of 30 miles, could 
be added. 

To insure complete modulation of the wave impressed on 
the detector the modulator M can be made to measure its own 
input voltage according to the principle of the vacuum tube 
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voltmeter of R. A. Heising*. If Eg and и are the plate-filament 
voltage and amplification constant of the modulator, the negative 
grid voltage necessary to reduce the current in the plate circuit 


io zero is =. Complete modulation can then be obtained by 


applying a constant negative grid voltage Е, = 2: and making 
the peak value of the audio frequency input voltage е, also 


equal to 2s This can be done by first adjusting the negative 


grid voltage to a value Ба +21 and then applying the low fre- 


quency a. c. and adjusting it until a current meter in the output 
circuit of M just begins to show a deflection. The peak value 
of the a. c. input is then equal to 55. The radio frequency сап 
be measured in the same way and should be weaker than the 
audio frequency. For operating the modulator E, must of 
course be finally adjusted to its proper value. 

The accuracy with which the linear relation given by equa- 
tion (19) holds is shown in Figure 6 in which the crosses and 
circles represent observations made by two different observers 
on different days. The close agreement of the slope, 42.2, of 


FIGURE 6 


5 R. A. Heising, U. S. Patent 1,232,919. 
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this line with the theoretical value, 2 К = 42.26, verifies equation 
(4). In measurements of this kind, where the intensities of two 
notes are compared, the influence of extraneous noises is small, 
almost negligible compared with their influence on measure- 
ments by the audibility method. The error in the observations 
was due largely to the fact that the detecting current contains 
a weak harmonic component (see equation 14) which to some 
observers seems to have a somewhat disturbing influence. If 
necessary this harmonic could easily be filtered out by the inser- 
tion of an appropriate inductance in series with the condenser C 
in the output of the detector. 

The current tı as measured by the meter A, inserted in the 
20,000-ohm line, was 3.10 107° ampere and the intercept for e = 1 
of the line shown in Figure 6 is 40.8. Hence the detection 
coefficient а = 36.2 107% amp. /(volt)?. 

Table 2 gives the results obtained by a number of different 
observers, the observations being made on three successive days. 


TABLE 2 

Detection 

Observer Slope Intercept Coefficient 
2K С Атр. / (volt)? 

А 42.6 39.9 41.6x10~° 

A 42.6 40.0 41.0x10~° 

A 41.0 41.1 31.0«107° 

B 42.7 39.7 42.8X 107° 

B 42.0 41.4 33.5x107° 

B 42.1 41.4 33.7 X10 7° 
C 42.2 41.7 32.9X107" 
D 41.4 41.4 31.0x107^ 
E 41.6 41.0 33.1X10 ^9 
Mean 42.0 40.8 35.6x 107° 


The input signal voltages concerned in these measurements 
are the root-mean-square values of the completely modulated 
wave. If it is necessary to express them in peak values they must 
be multiplied by 4/4/3 instead of by 4/2 as in the case of an 
unmodulated wave. This can be seen by making B equal to 
unity in equation (16) and noting that the peak value of the wave 


is 2 A (equation 12). 
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8. DETECTING EFFIcIENCy. The detection coefficient a, 
which gives a measure of the audible component of the current 
in the output of the detector, is not sufficient for expressing the 
figure of merit of the device, because it depends on the type of 
telephone receiver used. The impedance of the receiver must 
be so chosen as to give maximum response and the effect expressed 
in terms of the power dissipated in the receiver, which must, of 
course, be computed from its resistance. 

When the thermionic detector is used without а blocking 
condenser in the grid circuit, as was the case in these experi- 
ments, the most efficient operation is obtained when the grid 
is kept sufficiently negative so as not to take current. The 
power consumption in the input circuit is then practically 
zero. The response in the output circuit depends on the potential 
differenee established between filament and grid and not neces- 
sarily upon the power consumption in the input cireuit. The 
detecting efficiency can, therefore, not be expressed as the ratio 
of audio frequency output power to radio frequency input 
power. The same reasoning applies to à consideration of the 
power loss in the input coil and condenser when using the cus- 
tomary input resonant circuit obtained by replacing the resist- 
ance and galvanometer G (Figure 1) by a condenser. Obviously 
if the power loss is à minimum the input. voltage, and therefore 
also the detecting eurrent, is à maximum. 

This consideration furnishes an answer to the question as to 
whether the audion detector can amplify, that is, ean give more 
audio frequency power in the output than radio freqfieney power 
expended in the input. Since the tube is a potential operated 
device the answer to this question must be in the affirmative. 
All that is necessary to verify this experimentally, is to impress 
a convenient voltage on the input of the tube, let us say by an 
arrangement such as shown in Figure 1l. Practically all the 
input power consumption takes place in the resistanee r and can 
be made as small as we please by making r sufficiently large 
and adjusting the input coupling so as to keep the input voltage 
constant. In this respect the thermionie detector differs from 
other types of detectors such as the Fleming valve and crystal de- 
tectors. Detection by these devices depends upon rectification of 
the incoming current. They can, therefore, never give more audio 
frequency power than the radio frequency power consumed in 
the input, in fact, they can never give as much. The audion, on 
the other hand, at least when operated without a grid condenser, 
does not detect by virtue of rectification of the incoming current. 
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The incoming current is not rectified at all and detection takes 
place solely by virtue of the curvature of the plate current char- 
acteristic, which makes possible an unsymmetrical release of 
energy supplied by the plate battery. 

In view of these considerations it is best to express the de- 
tecting efficiency in terms of the relation of output audio fre- 
quency power to input radio frequency voltage. It is, there- 
fore, given by 

à —a?t (22) 
where a is the detection coefficient and ¢ the resistance of the 
telephone receiver. 

The receiver used in these experiments had an impedance 
of 20,000 ohms and a resistance of 6,400 ohms at 800 cycles per 
second. Hence, taking the mean value of a given in Table 2, 
the detecting efficiency is 


д —8.1X 10^ watt/(volt)! 


The tube on which these measurements were made was one 
of the Western Electric type, V. T. 1 (Figure 7-a), that was 
specially designed for airplane radio telephone service and used 
by the United States Signal Corps for this purpose. This tvpe 


FIGURE 7a PIGURE Tb 
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of tube does not give as high an efficiency as some of the pre- 
war tubes, but it was designed to operate on low power con- 
sumption, its operating plate voltage being about 20 volts and 
the power consumed in heating its filament 2.2 to 3.5 watts. 

Figure 7-b shows a pre-war type of Western Electric tube 
which has been in use in this laboratory since the carly part of 
1916. While this tube has a higher detecting efficiency than 
that shown in Figure 7-а, the power consumed in its fila- 
ment. is about twice as much and it operates on a plate battery 
of 30 volts. Another type of pre-war tube is shown in Figure 7-c. 
This tube has an amplification constant of 40, and can be used 
as a voltage amplifier or detector. 


FIGURE Te FIGURE Td 


Smaller types of detector and amplifier tubes have sinee 
been developed which require only a few tenths of a watt for 
heating the filament. Sucha tube is shown in Figure 7-d. With 
a filament voltage of 1 volt, filament current of 0.18 ampere 
and a plate voltage of 10 volts, this tube has a detecting efficiency 
of 4.3» 107? watt/(volt)*. The filament can be operated on one 
dry. cell, its operating voltage ranging from 1.0 to 1.5 volts. 
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The detecting efficiency of this tube is therefore about one- 
half that of the V. T. 1 tube. The actual effect on the ear duc 
to this difference is not large. А ratio of two in the power 
corresponds to a difference of about three standard cable miles. 
A difference of one standard cable nile is hardly noticeable 
unless the comparison be made directly. For this reason also 
the detection coefficients given in Table 2 should be regarded 
as showing very small variations. The more correct measure, 
as far as the ear is concerned, is the detection coefficient expressed 
on the logarithmic scale, that is, the values of the intercept С 
given in the third column of Table 2, and which are expressed 
in miles of standard cable. 

An idea can be obtained regarding the intensity of the sound 
produced when power of the order given by these tubes 1s dissi- 
pated in the receiver, by noting that the power dissipation 
necessary in this receiver to give the least audible signal is about 
3X1071 watt. From the above value of the detecting co- 
efficient the input voltage necessary to give the least audible 
signal is therefore about 0.025 volt. 


9. COMPARISON OF DETECTORS. The constancy with which 
vacuum tubes can now be made to operate as detectors brings 
the testing of detector tubes by means of comparison circuits 
within commercial possibility. Comparison methods have a 
practical advantage in that they do not necessitate such accu- 
rate calibration of the quantitics involved. Once the detecting 
efficiency of a tube has been determined the tube can be used as 
a standard of comparison to obtain the efficiency of any other 
tube by the simple circuit shown in Figure 8. The input voltage 
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can be adjusted to any desired value by adjusting r, and need 
not be known accurately in this case, it being sufficient to know 
that it lies within the range of voltages encountered in practice. 
By means of the switch W either detector can be inserted in the 
circuit and the receiver shunt S adjusted until the note in the 
receiver T is of equal intensity for both positions of the switch W. 

C is a radio frequency leak. By means of the key K the shunt 
can be thrown into or out of circuit according as the switch W 
connects the tube of higher efficiency or the other. If 7, and ù% 
be the detecting currents obtained from the tubes 1 and 2, and 
a, and а their detection coefficients, then since the input voltage 
is the same for both 


: 0 c em 
19 аә К К | 
where d is -the adjustment of the shunt in units depending on 


the units of K. As before we can express d in miles of standard 
cable by making К = 21.13. The detecting efficiency can then 


Һе obtained from 
до = WE : (23) 
а, 


10. MonirikDp AUDIBILITY METHOD. The audibility or 
“shunted telephone” method has been frequently applied in 
attempts to measure the strength of received signals in long 
distance radio communication and has also been used in obtain- 
ing an idea of the sensitiveness of detectors. This method 
consists in shunting the telephone receiver connected in the 
output of the detector and determining the value of the shunt 
necessary to reduce the current in the receiver to such an extent 
that dot and dash signals сап just barely be differentiated. 
The ratio of the total current in the receiver and shunt, that is, 
the detecting current, to the current in the receiver alone, meas- 
ures the *audibility" and can be computed from the resistance 
of the shunt and the impedance of the telephone receiver. When 
we consider the possibility of accurate measurements, this method 
is open to serious objections. In the first place it is liable to 
considerable error because the measurement of least audible 
signals is made difficult by the influence of extraneous noises, 
such as room noises and static. It furthermore depends to an 
appreciable extent upon the condition of the observer, so that 
the current necessary to give least audible signals will vary 
from time to time even with the same observer. These disad- 
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vantages make this method quite unreliable for purposes of 
determining detecting efficiency. 

Secondly, the way in which the audibility method is ordin- 
arily used does not make provision for the change in effective 
impedance when the shunt resistance is varied. This would 
give misleading results, since the detecting current. that i, the 
audible component of the current in the output етеп of the 
detector tube, depends upon the relative values of the internal 
output impedance of the tube and the impedance into which 
the tube works. It is therefore necessary in all measurements 
of this kind to adjust these impedances properly and keep them 
constant thruout the measurements. If the audibility method 
is to be used the “audibilitv box" should be so designed that any 
'ariation in the shunt resistance is accompanied by an addition 
or subtraction of an equivalent resistance so as to keep the total 
impedance of the етеш constant. This could. be done with 
the scheme that will now be described. 

The audibilitr measurements given here were made with 
the object of determining the possible error to which measure- 
ments would be subject when the audibility method is used, 
for example, for the determination of the strength of incoming 
signals. The fact that the current necessary to give least audi- 
ble signals has different values for different observers, and is 
therefore meapable of objective determination does not of itself 
rule out the audibility method for the measurement of signal 
strength, since the detector set could. first be calibrated by 
determining the audibilitv for known input signals and then 
used by the same observer to make the final measurements. 
Hence, assuming that extraneous noises could be effectively 
cut out, the possibility of adapting this method to such meas- 
urements would depend upon the extent to which the observer's 
conception of least audible signal remains constant during the 
time that elapses between his calibration of the set and the mak- 
ing of his final measurements. It is hardly necessary to say 
that the whole set must remain unchanged, especially the tube 
and the telephone receiver. 

The cireuit by which the variability of least audible signal 
was studied is shown in Figure 9. This eireuit allows of audi- 
bility measurements under constant circuit conditions, The 
tube used was the same one on which the above measurements 
were made. It was a Western Electric "standard" the detecting 
eficieney of which had not changed to any noticeable extent 
in the course of seven months during which time it was in fre- 
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quent use. Any variability of the least audible signal as deter- 
mined bv this set was due entirely to the observers. 

The input signal wave was, as before, a completely modu- 
lated wave and could be measured with the Duddell galvanometer 
(r. In order to keep the impedance of the output circuit constant 
the receiver shunt described above was used to shunt down the 
current in the telephone receiver. The choke coil, L, was inserted 
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FIGURE 9 


to keep the impedance of the tube constant. This was neeessary 
because, altho the impedance of the circuit remains constant for 
all adjustments of the shunt, its d. c. resistance varies and if the 
coll L were omitted the variation in resistance would result in 
a variation of the d. c. potential difference between plate and 
filament with a consequent variation in the tube impedance. 
The use of the receiver shunt makes it possible to express 
the “audibilitv” in a simple way. If 7 be the detecting current 
and 7, the least audible signal current in the receiver the audi- 
bility | ап be expressed in miles d of cable by equation (19) 
where the intercept C (е=1) is now given by: 
C= K (log a—log io) (24) 
and gives a measure of the audibility efficiency in miles/(volt).? 
The simple linear relation (19) makes it possible to obtain 
the andibilitv efficiency as the average of a large number of 
Observations. A number of such observations plotted against 
the logarithm of the corresponding input voltages are shown 
in Figure 10. Altho the individual points vary considerably 
from the average thev are nevertheless grouped evenly about 
the straight line, the slope of which, namely, 41, is quite close 
to the theoretical value, 42.26. In no case was there any dif- 
neulty in verifying the linear relation. 
The slope of the line depends only upon the attenuation 
constant of the shunt and the simple quadratic relation (4). 
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The intercept, on the other hand, is influenced also by the detec- 
tion coefficient, a, of the tube itself and by what constitutes the 
least audible signal current, т, for the particular telephone 
receiver used and for the observer at the particular time of 
making the measurements. The detection coefficient and the 
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FIGURE 10 


attenuation factor K certainly do not vary enough to be noticed. 
Any variation in the intercept C will, therefore, be due to the 
least audible current. Hence a number of separate determina- 
tions of C could be used to give an indication of the accuracy 
of the audibility method. Now, the least audible current de- 
pends firstly upon sensitiveness of the telephone receiver. By 
using the same receiver thruout the measurement any variation 
due to this factor can be regarded as negligibly small compared 
with the much more disturbing variation in conception of least 
audible signal on the part of the observers. Since this concep- 
tion varies with different observers as well as with the same 
observer at different times, measurements were performed by 
four different observers over a period of cight days. The re- 
sults are shown in Table 3 and were obtained from curves such 
as shown in Figure 10. They therefore give the average of over 
350 observations. The fourth column gives the audibility 
efficiency in miles/(volt)?, (log e=0). The corresponding audi- 
bilities expressed in current ratio, determined from Table 1, are 
given in the adjacent column. The last column gives the input 
voltage (r.m.s.) necessary to give a detecting current equal to 
the least audible signal current (d=0). 
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TABLE 3 


Audibility Efficiency, C| Input for 


' : Least 
Observer Time Slope 2 K | Miles / M Audible 
(Volt)? 1, Current 

(Volt)? (Volts) 


Ist day A.M. 
2nd “ AM. 
2nd | 
3rd 
5th 
5th 
6th 
6th 
7th 
Sth 
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2nd day А.М. 
2nd “ P.M. 
3rd A.M. 
5th A.M. 
5th P.M. 
6th A.M. 
6th Р.М. 
ith P.M. 
Sth AM. 
Mean: 


3rd day A.M. 
5th “ A.M. 
5th P.M. 
6th P.M. 
Tth P.M. 
Sth A.M. 
Mean: 


{th day A.M. 
qth “ P.M. 
Mean: 
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It will be seen from these observations that the audibility 
varies quite considerably with different observers, and even 
with the same observer at different times. It must be remarked 
that these measurements were not performed under ideal condi- 
tions as regards freedom from noise, outside noises from the 
city streets being sometimes distinctly noticeable. Ideal con- 
ditions are, however, not practicable and the value of such 
measurements could reasonably be expected to be determined 
to a great extent by the accuracy with which they can be made 
under normal conditions. It is possible that the wide discrep- 
ancy in the reported error attending audibility measurements 


ê See L. W. Austin, PROCEEDINGS OF THE INSTITUTE OF RADIO ENGINEERS 
August, 1917, page 239, and the discussion by J. Mauradian, page 248. 
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(the error ranging from about 20 per cent to several hundred 
per cent)® is due to the varying noise conditions under which 
the measurements were performed. 


11. APPLICATION TO DETERMINATION OF SIGNAL STRENGTH. 
When considering the practical problem of measuring the strength 
of received signals, the audibility method has the one advantage 
that it does not require an auxiliary source of audio frequenev. 
Its inaccuracy, however, would hardly recommend it for such 
measurements. The method deseribed in the first part of this 
paper has the advantage of greater accuracy, especially when 
considering the influence of statie disturbances. The ceon- 
staney of the tube makes it possible to determine the efficiency 
of the set beforehand. From the observed detecting eurrent 
the received input. voltage can then be obtained, from which the 
received power ean be ealeulated when the constants of the input. 
cireuit are known. For accurate measurements it would. of 
course, be necessary to consider the form of the incoming wave. 
When measuring weak signals received on long distance coni- 
munication, the heterodyne method could be used. By putting 
the detecting current ¿=b e e’, instead of equation (4). where e 
is the signal voltage and e’ the local input voltage. а simple 
linear relation can be obtained. similar to equation (19). The 
local voltage e’ could be made sufficiently large to enable it to 
be measured with the detector itself in the manner explained 
above (section 7) in connection with the measurement of the 
voltages impressed on the input of the modulator. 


12. PRACTICAL APPLICATIONS. When it is necessary to 
test a large number of detector tubes, the cireuit shown in Figure 
5 is somewhat impracticable, because such a circuit requires 
‘careful adjustment of the operating parameters, such as the 
input radio frequency voltage impressed on the detector, the 
audio frequency current delivered by the generator U, and so 
on. The procedure that was adopted and found more practi- 
able was to use this circuit to standardize, by means of the 
method explained above, carefully selected tubes the detecting 
efficieney of which was found to remain constant. These tubes 
were then used as comparison standards to test the factory product 
by means of a circuit like that shown in Figure 8. The tubes 
could then be compared with the standard under the actual 
circuit conditions under which they may be required to operate 
in practice. Figure 11 shows a comparison test circuit designed 
to test detectors which are intended for use in conjunction with 
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an amplifier. The cireuit is arranged in a box, shown in Figure 
12, with terminals for connecting the batteries and jacks for 
measuring the filament and plate voltages. It was necessary 
to secure a simple means of producing constant modulated 
radio frequency oscillations to serve as the source of input 
voltage. Ordinarily this would require a radio frequency oscil- 
lator. an audio frequency oscillator and a modulator. To avoid 
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Fieure 11 


using such a cumbersome and rather impracticable arrange- 
ment the oscillator tube, O (Figure 11) was made to produce 
modulated high frequency oscillations directly with the aid of 
a microphone generator, U. The carbon button of this generator 
was inserted directly in the oscillating circuit, Lı Ci. as shown 
in the diagram. The microphone causes an audio frequency 
variation of the resistance of the oscillating circuit and thus 
serves to modulate the radio frequency oscillations. The modu- 
lation produced by this means is not complete, but complete 
modulation is not necessary when comparing detectors. The 
audio frequency component in the output of the detector is 
amplified by the tube, A. С» is a high frequency leak and r a 
high resistance acting as a grid leak to prevent the grid from 
building up a charge. The difference in detecting efficiency 
of the two tubes can be measured by means of the shunt, S, in 
the manner explained in section 9, and can, as shown in the 
measurements described above, be most conveniently expressed 
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in the logarithmic scale. The shunt used in these test sets had 
a constant A = 21.13, thus giving the difference in detecting 
efficiency in miles of standard number 19 gauge cable. 


FIGURE 12 а 


APPENDIX 


At the beginning of this paper mention was made of a simple 
method of measuring the amplification of audion tubes. Altho 
there is nothing new in this method which has been in use in 
this laboratory for many years, it is not generally known and 
may, therefore, be briefly described here. The circuit arrange- 
ment whereby the amplification can be measured is shown in 
Figure 13. Audio frequency currents are supplied by the gen- 
erator, U, and are passed thru the filter to obtain a pure note 
of, say, 800 cycles per second. By operating the switch, W, 
this current can be transmitted either directly to the telephone 
receiver, Т, or thru the tube and a receiver shunt, 5. By 
adjusting the shunt until the note heard in the receiver is of the 
same intensity for both positions of the switch, W, the current 
amplification given by the tube is equal to the attenuation 
produced by the shunt, and is given by equation (18), or 


а= К log” 
11 


where 7 is the current in the receiver and ù the current before 
being attenuated by the. shunt. The reading, d, of the shunt 
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usually gives the amplification in miles of standard cable. The 
actual current ratio can, as before, be obtained from Table 1. 
The power amplification, which is a more desirable expression, 
and means more than current amplification, ean be obtained 
from the above equation by dividing the factor K bv 2. 


lU 
CX kc C 
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FILTER 
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The generator, U, can be of any type that gives constant 
audio frequeney current. In Figure 13 it takes the form of a 
microphone generator. On account of its compactness, this is 
а desirable source of audio frequency currents, when the test 
set is to be small, compact, and portable. A portable Western 
Electric test set (made for the United States Signal Corps) is 
shown in Figure 14. 

Care must be taken, when using this method that the 
current in the secondary of the transformer, Ту, is the same 
when connected to the input of the tube as when connected 
to the telephone receiver. For this purpose the impedance, 
Zi, of the transformer, Te, is made equal to the impedance of the 
receiver. The secondary of transformer, 7T», is wound to have 
as high an impedanee as possible, to impress. the maximum 
possible voltage on the grid eireuit of the tube. When, as in 
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FIGURE 14 


this case, the receiver has an impedance equal to the plate 
resistance of the tube, it can be connected directly to the output 
cireuit of the tube, as shown in the diagram, the receiver shunt 
being so designed that when placed between the tube and the 
receiver, the total impedance of the output circuit remains 
constant for all adjustments of the shunt. If the impedance 
of the receiver is very different from the plate resistance a trans- 
former of the proper impedance ratio must be inserted in the 
output circuit. 

In conclusion I wish to acknowledge the assistance of Mr. 
К. Н. Wilson in carrying out the experiments deseribed above. 


Research Laboratory of the 
American Telephone and Telegraph Company and 
Western Electric Company, Incorporated, 
New York City. 
Mareh. 1919. 


SUMMARY: There is described a method of determining the detecting 
efficiency of vacuum tubes by feeding them with radio frequency current 
modulated at audio frequency. The theory of the method is given. 

In connection with such measurement, the use of a receiver shunt cali- 
brated in terms of miles of "standard number 19 gauge cable" is advocated. 

For producing the radio frequency current for such measurement, a tube 
oscillator was employed. The audio frequency modulation was obtained 
either by a second tube or by a microphone howler. The apparatus is de- 
scribed in detail, and illustrated. Experimental data are given. 

A method for comparing the detecting efficiencies of a standard tube and 
of a tube under test is also described, and the apparatus is shown. 

In an Appendix, a simple method of measuring tube amplification is 
described. 
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DISCUSSION 


John M. Miller: In connection with the method which has 
just been described for measuring the detecting efficiency of a 
three-electrode vacuum tube, it may be of interest to outline 
. the method which has been independently developed at the 
Bureau of Standards for making these measurements. The 
general requirements of such a method are somewhat obvious, 
that is, a relation must be established between the radio fre- 
quency input to the detector and the audio frequency output. 
In order to obtain a source of completely modulated radio fre- 
quency for calibrating detector tubes, we have made use of the 
arrangement shown on the left of Figure 1. In the plate cir- 
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cuit of the oscillator tube which supplies the modulated radio 
frequency emf. to the detector tube there is an audio frequency 
voltage furnished by an alternator which is in series with the 
customary d. e. battery. The peak value of the alternating 
voltage is adjusted to equality with the d. c. voltage so that the 
total plate voltage varies from zero to а maximum value of 
twice that of the d. c. battery. А calibration of the output of 
the oscillator tube with respect to the plate voltage shows a 
linear relationship between output current and plate voltage 
thruout the range of voltage used, so that under the action of 
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the combined a. c. and d. e. voltages the output current will be 
completely modulated with a sinusoidal envelope. A known 
emf. of this modulated radio frequency is supplied to the input 
of the detector tube, by measuring with a vacuum thermo- 
couple the current thru a known resistance across which the 
input terminals of the detecting tube are connected, in а manner 
exactly similar to that described by Dr. van der Bijl. The 
method of measuring the audio frequency output of the detector 
tube is somewhat different in that we measure the audio fre- 
quency voltage acting on the telephone receivers. This is done 
by throwing the receivers back and forth from the output cir- 
cult of the tube to a potentiometer device (slide wire in Figure 1) 
which is supphed current from the same alternator from which 
the alternating voltage in the oscillating tube circuit is obtained 
ensuring the same pitch. The potentiometer voltage is adjusted 
until equality in sound intensity is obtained. The potentiometer 
current and setting then give the audio frequency voltage acting 
on the receivers. This method involves no changes in the 
electrical characteristies of the plate circuit of the detector tube. 
Since it likewise permits a continuous variation of the voltage 
acting on the telephones, it therefore furnishes the data to answer 
Mr. Ballantine's question as to the accuracy of such an intensity 
comparison. 

We find that audio frequency emfs. ein be compared in this 
way to about one-half of one per cent. when the mean of a num- 
ber of observations is used. 

There is one point in connection with the use of the constant 
impedance receiver shunt which can possibly introduce a slight 
error in some measurements. My idea of this device is that 
when the shunt is varied, the impedance, as measured from 
the input terminals of the shunt, is constant, but its angle 
"aries. Thus, in one position, when the receivers are unshunted, 
the impedance ean be represented by a vector which makes an 
angle of about 70? from that which would represent & pure 
resistance, assuming the values for the receiver impedance and 
resistance given in the paper. As the shunt is varied, the angle 
decreases, the modulus remaining constant. In case the shunt 
Is used in the plate circuit of à vacuum tube, it will be in series 
with а pure resistance. The total circuit Impedance will be 
given by the vector sum of these separate impedances and will, 
therefore, уату as the shunt is ehanged. 


Н. J. van der Bijl: Dr. Miller assumes a large angle for his 
receiver (82°). Generally receivers have angles considerably 
smaller that this value. If you caleulate the shunt and series 
resistances of the receiver shunt, assuming that the receiver 
connected to it has an angle of 40°-50°, you will find that for 
current attenuations greater than that corresponding to about 
6 miles (9.6 km.) of standard cable, the effect of the angle is 
negligible. This is because for large attenuation the series 
resistanee 1s large and the effective angle therefore small. In 
this case we can, therefore, neglect the effect of the angle, which 
makes the computation of the necessary resistances very simple. 
If, on the other hand, the angle of the receiver is large, it must 
be taken into consideration and this has been done in the receiver 
shunts used in my experiments. In this case the problem is 
that of an inductive circuit with varying angle. Тһе compu- 
tation is somewhat tedious and therefore we generally determine 
the resistances graphically. | 

I was interested to hear about the experiments made by Dr. 
Miller at the Bureau of Standards, using this method. I could 
not quite gather from what he said whether he had made marked 
improvements on it; I understand that he made measurements 
which gave an accuracy of one-half of one per cent. I do not 
exactly know what that means. 

I am very glad to hear that this method has been found to 
allow of such accuracy by Dr. Miller in the comparatively short 
time. Altho I disclosed my method of measuiing detecting 
efficiency to the Signal Corps about two vears ago, it was only 
about six or cight months ago that I acquainted the Bureau of 
Standards with the details of it. 
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HARMONIC OSCILLATIONS 
IN DIRECTLY EXCITED ANTENNAS USED IN 
RADIO TELEGRAPH Y* 


Д By 
LUIGI LOMBARDI 


(PROFESSOR IN THE ELECTRICAL ENGINEERING INSTITUTE, ROYAL. 
POLYTECHNIC SCHOOL, NAPLES, ITALY) 


INTRODUCTION 

Direct excitation, originated by Hertz, in his classic experi- 
ments, and subsequently used by G. Marconi in the first radio 
telegraphic stations, has meanwhile been practically wholly 
eliminated in modern stations of any importanee, since the ad- 
vantages afforded by indirect excitation by means of electro- 
magnetically coupled circuits have come to be appreciated. In- 
vestigators in radio telegraphy have consequently never made 
a very careful examination into the oscillations produced in 
antennas by the more primitive method; and while they did be- 
come aware of the complex nature of the emitted waves, they 
confined themselves in most instances to the observation or 
calculation of the length of the first harmonic, without determ- 
ining the amplitude; (rightly considering the harmonic. oscil- 
lation to be merely an undesired souree of loss, inasmuch as the 
energy radiated thereby was practically in no instance utilized for 
the transmission of signals, and contributed not towards the 
efficiency of such transmission, but towards increasing the losses 
inherent in the entire system). 

From a theoretical point of view, moreover, the problem could 
be considered as having been completely solved by the well- 
known equation for the propagation of currents in cireuits having 
distributed inductance and capacity, the general integral of 
which has been given in a sufficiently simple form by К. W. 
Wagner, in a classie treatise by that author, who also inter- 
preted from a practical point of view, in. the хате volume; 
the most important results obtained with reference to aerial 
and underground lines. 


+ Received by the Editor, November 12, 1918. Translated. from the 
Italian and edited by the Editor. 
!"Klektromagnetiscehe Susgletehsvorginge. 1908. 
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Using as a model a conductor or line of considerable induct- 
ance and capacity, the same author carried out experiments 
relative to the transient phenomena, following sudden changes 
of current and potential, and demonstrated that the actual phe- 
nomena were exactly in agreement. with the theoretical conclu- 
sions arrived at with regard to the same?. The effects produced 
were shown in a number of oscillograms. Wagner’s artificial 
line, however, applied only to low voltage experiments, in which 
the making and breaking of the circuits oecurs without any 
material sparking. The circuit resistance and the damping 
being consequently practically constant, the phenomena may 
be considered to be correctly represented by the theoretical 
formulas, containing the heat losses and ohmic drops, while 
radiation need not be considered as of any importance. 

On the other hand, the antennas used in radio telegraphy 
аге very different in this respect, inasmuch as the radiated 
energy m some cases is about as large as the energy dissipated 
by the ohmie resistances. Among these latter resistances (at 
least whenever the excitation is accomplished by means of 
devices utilizing. disruptive discharges), the most important 
one in many cases is that of the spark, which also gives rise 
to a damping factor, which is rather indefinite and exceedingly 
variable. 

We have recently constructed at the Electrical Engineering 
Institute of the Royal Polvtechnic School an artificial line 
for high voltages (which line can also be operated as a powerful 
Hertzian oscillator, or as a radio telegraphic antenna of low 
radiation resistance) and we have available means for generating 
radio frequeney currents. It was deeided to investigate the 
operation of this apparatus with oscillations directly excited by 
means of spark discharges of the principal types still used in 
radio telegraphic stations. Such. spark discharges һай been 
recently used by me in other research work concerning excess 
voltages and the proteetive systems.“ 


(1ENERAL EXPERIMENTAL ARRANGEMENT 


For these measurements, the antenna was composed of two 
large solenoids of copper wire, 3 millimeters (0.12 inch) in di- 
ameter and 170 centimeters, (67 inches) long, each of the sole- 
noids having 240 turns 36 centimeters (14.2 inches) in diameter, 
with an ohmic resistance of 2.7 ohms and an inductance of 
0.004 henry. 


2“Wlektrotechnische Zeitschrift," 1911, page S99. 
3 "UD'Klettroteeniea,"" 1918, “Conferenza sperimentale alla A. E. FE." 
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This artificial antenna is shown in Figure 1. A is the 42- 
or 150-cycle alternator, T the transformer, M the Marconi 
synchronous rotary gap, a an alternative fixed gap, b coupling 
coil to the wave meter, and L and C the artificial antenna. 
The constants are indicated in the diagram. 


A 
Le 0.004 H. La 0.004 M. 
00000000000 100000000000 
' 
Сэ 12x ШШШ Св {2 к 0.008 pf, 


Pigtre 1—— Artificial Antenna and Ex iting Svstem 


The capacity of each section of the antenna was supplied by 
12 Moseicki condensers having a total capacity of about 0.026 
microfarad, one of the terminals of each condenser bank being 
grounded while the other was connected to its solenoid at dis- 
tances of 20 turns from each other. With this arrangement, 
the fundamental wave length is about 11,000 meters, when the 
two sections are symmetrically excited at their connecting point; 
the surge impedance at this wave length proved to be 395 ohms, 
and the damping constant 330. 

The antenna was sometimes excited by means of a large 
induction coil, with hammer break or turbine interrupter; or 
else with a Wehnelt interrupter, and with a spark gap having 
brass or zine spherical terminals. At other times, excitation 
was accomplished by means of a 5-kilowatt transformer of com- 
mercial type, fed with 42-eycle alternating current from the 
city supply or from a small 150-cycle alternating current gen- 
erator with rotating field. Keyed to the shaft of this latter 
alternator was a synchronous rotary spark gap of the Marconi 
type, with adjustable fixed terminals, controlled as to exact posi- 
tion by means of a worm gear attachment. In place of the 
rotary gap, the transformer may be connected to an ordinary 
spark gap having brass balls, or else to a Boas multi-section 
spark gap provided with tungsten electrodes, powerfully cooled, 
and of the type used in radio transmission by Wien's quenched 


spark svstem. 
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For measuring wave length, there was used a Marconi stand- 
ard wave meter, provided with four fixed capacities and one 
variable capacity, and with a range of wave lengths from 400 
to 6,000 meters. Shorter and longer waves could be measured 
in the usual way, with added capacity and inductance. 

A diagram of the wave meter used is given in Figure 2. 
Lı is the inductance, T, and T: the telephone terminals, H the 
crystal detector, C the variable condenser, С, and С» terminals 
for an external larger condenser, К, and Kz keys, Le and Ls 
extra inductances which would change the wave length by the 
same percentage (different in each instrument), R a resistance 
of 3 ohms, ab terminals for decrement measurement, and cd 
terminals for thermocouple. With К, to left and Ke to left 
(normal settings), / is in circuit. Throwing К, to right cuts 
Lə out of circuit, while throwing K: to right and K: to left puts 
L; into the circuit. 
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Figure 2—Wavemeter Used in Measurements 


The wave meter is provided with two supplementary in- 
ductances, which could be switched into or cut out of the circuit 
by means of suitable keys, thus increasing or decreasing the 
frequency by 3.7 per cent. By means of a thermocouple and 
-a precision galvanometer, two points of the resonance curve, 
symmetrical with respect to the resonance point, can thus be 
quickly determined, and the data thus obtained are sufficient 
for determining the total damping of the combined primary 
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and secondary. For determining the primary and the second- 
ary decrements separately, a supplementary resistance is included 
in the wave meter, and furnished with terminal clamps and a 
short-circuiting bar, by the removal of which bar the total 1e- 
sistance in the circuit is increased by a known amount, while 
the total damping is increased by an amount. dependent on 
the wave length, and calculable in advance. 

Using this method, only a few readings of the wave meter, 
kept in one position, are necessary to determine the primary 
current amplitude, containing, however, а factor of proportion- 
ality which depends only on the coupling coefficient. to the 
wave meter. 

If the position of the wave meter remains unchanged during 
а series of measurements at different wave lengths (or if, in 
case the meter has to be moved to a second position, by means 
of some separate measurements, the relative degrees of sensi- 
tiveness in both positions are determined by comparison), it 
becomes possible to determine quickly the amplitudes of the 
primary current and of all the harmonic currents in the range of 
wave lengths covered by the wave meter. 

There were connected into the artificial antenna (double 
solenoid) close to the spark gap, and at a suitable distance from 
the solenoids (so as to reduce their direct influence), a couple 
of rectangular turns, similar to the inductances of the wave metcr. 

By sliding the wave meter parallel to itself along a supporting 
board or table, I succeeded in varying the coupling coefficient 
between it and the “antenna” circuit within very wide limits, 
and in having the galvanometer indicate perceptible deflections 
even for the harmonics higher than the twentieth, when the 
antenna was excited using the Boas or the Marconi discharger 
ata maximum voltage of several thousand. When using a 
brass spark gap, the measurements on the harmonies became 
comparatively unreliable; indeed the spark length had to be in- 
ereased, with the result that the spark beeame rather un- 
stable; or else the coupling had to be made so close as to cause 
distortion of the resonance curve. I refrained for the same rea- 
son from making a quantitative determination of the harmonics 
higher than the eighteenth. However, when using the Marconi 
gap, which operated more regularly, the presence of such har- 
monies was plainly indicated by the wave meter. Another 
wave meter having a small inductance, and constructed at our 
Institute, permitted measurements of shorter waves when the 
amplitude was reduced to a few per cent. of that of the funda- 
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mental wave. However, the determination of the new factors 
thus introduced was unreliable. 

According to Wagner’s theory, subsequently developed by 
Petersen!, and recently re-investigated by Brylinski*, the dis- 
charge of a line of length l, originally charged to the uniform 
potential E, and accidentally grounded at one end while the other 
end remains insulated, will be an oscillating phenomenon, equiv- 
alent to the superposition of two waves of rectangular form 


or profile, of а height а and а length 4l, moving in opposite 


1 ; ' 
directions with a velocity VLC, in which fraction L, and С, 
Iv 1 


represent the inductance and the capacity per unit of length. The 
moving double wave would maintain its initial amplitude for 
an indefinite time if there were no ohmic resistance in the line, 
and in the absence of leakage, radiation, and any other factor 
causing loss of energy. If any of these factors occur, the travel- 
ling wave will become attenuated in course of time, and the 
decrement, calculated for the duration of a cycle, will remain 
constant if the ratio of the ohmic resistance to the inductance 
likewise remains constant. Ап increase in the resistance will 
therefore result in a more rapid decrease in the amplitude of 
the travelling wave, and will reduce its total duration, leading 
up to the new electrical conditions of the system. 
Analytically, the rectangular double wave of discharge may 
be represented by two series of infinitely extended sinusoidal 


waves of lengths equal to "s x " and of amplitudes 
s j 25, za travelling in opposite directions and with 


equal velocities. "Therefore, if the damping were eliminated, 
the amplitudes of the successive harmonics (as compared to 
that of the fundamental wave) would decrease in an inverse 
arithmetic progression of odd numbers. Consequently no 
wave corresponding to an even harmonie could be produced, 
because of the well-known property of functions symmetrical 
in their successive half-periods. In the special case considered, 
however, it would not be allowable to assume beforehand that 
there are no such waves corresponding to even harmonics present 
inasmuch as the amplitude of the various waves will in- 


‘Archiv für Elektrotechnik," volume 1, page 233; ''Elektrotechnische 
Zeitschrift," 1913, page 167. 
5''Revue Générale de l'Electricité," 1918, page 43. 
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evitably decrease in gcometrical progression with increasing lapse 
of time and distance covered, even assuming that the insula- 
tion is perfect and the leakage zero. Consequently there will 
be an alteration in the form of the composite wave in the 
course of the successive half-periods, and the straight line 
which gave the outline of the positive and negative maxima 
of the rectangular wave at the beginning, will be replaced 
by other (logarithmic) curves. The less pronounced the asym- 
metry of the half waves (resulting from the damping) proves 
to be, the less will be the amplitudes of the even harmonics, 
and the more closely will those of the odd harmonies approach 
the amplitudes theoretically determined for the rectangular 
wave. 

." In Wagner’s experiments, conducted with the previously 
mentioned low voltage line, the decrease of the wave was prac- 
tically entirely due to the ohmic resistance of the coils, and since 


the resistance was rather limited | а =128), the decrease in 


wave amplitude did not amount to more than 15 per cent. after 
passing over the full length of the line. In the case of the an- 
tenna used by me for my rescarch, the decrement was about 
25 times as large because of higher ohmic resistance. However, 
since the natural period of oscillation is 250 times less, the wave 
should approximate more closely to the rectangular form in 
this case. Yet, since the antenna had to be excited directly 
by means of high voltage spark gaps, an additional damping 
factor was introduced by the spark; and this factor varied with 
the spark length of the latter, the current thru the gap, and the 
type of discharger used. For these reasons, the effects produced 
could not be theoretically predetermined, or at best only qual- 
itatively. This induced me to undertake this modest quanti- 
tative research. | 


RESULTS OF EXPERIMENTS 


Of the many experiments made, only a few will be described 
in this paper, but they will be sufficient to show the general 
nature of the influence produced by various types of discharger 
and different operating conditions. 

In Table 1, for example, are given two sets of measurements, 
taken using the Marconi spark gap with 5,000 volts effective, 
or 7,000 volts maximum, across it. In the first case, the sta- 
tionary terminals were set to a small spacing of 0.5 mm. (0.02 
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inch) from the moving electrodes, while in the second case a 
greater separation of 2 mm. (0.08 inch) was used. 

The wave lengths are given in the first column, as determined 
by the wave meter, without making any corrections for such slight 
errors as were found because of the irregular distribution of the 
effective capacity, which would partly explain the discrepancy in 
the values of the frequency of the successive harmonics as com- 
pared to exact multiple values of the fundamental frequency. 

In the second column have been entered the numerical ratios 
of these frequencies (which are inversely proportional to the wave 
length); and this leaves no room for doubt as regards the ab- 
sence of odd harmonics and the presence of some even harmonics 
(and the existence of some other harmonics of an intermediate or- 
der), inasmuch as the same results were obtained in many different 
series of experiments, made under different conditions, and veri- 
fied by means of various wave meters. The comparison be- 
tween the actual discharge wave and the typical rectangular 
wave is simplified, by multiplying the frequency of some of the 
harmonies .by the amplitude of the corresponding current as 
determined by calculation. In the typical rectangular wave, the 
resulting product should be constant for the odd harmonics, 
while for the even harmonies it should reduce to zero. 

In the following columns of the table have been entered 
the logarithmic decrement of the antenna circuit per complete 
period, and the product of the amphtudes of the primary cur- 
rents (calculated for each of the harmonies in accordance with 
the formula of Bjerknes) multiplied by the ratio of correspond- 
ing frequency to that of the fundamental wave. All the previous 
data are given for two different settings of the spark gap, namely 
with large and small sparking distances between electrodes. 

The fact that the changes in the decrement are not perfectly 
regular, is presumably to be attributed partly to unavoidable 
errors of measurement and partly to the variable resistance of 
the spark. Moreover, these same factors also influence unfav- 
 orably the exact determination of the amplitudes; and therefore 
the calculated. figures show discrepancies between different 
groups of experiments that are not wholly negligible. Their 
average is important in this research, since it shows in 
the most compact form the general character of the phe- 
nomenon. | 

The above remarks likewise apply to the data in Table 2, 
. which represent the results of the’ measurements taken with 
the spark gap having spherical clectrodes, and with the Boas 
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spark gap with tungsten electrodes. In. both these gaps the 
spark passes between stationary electrodes, but in consequence 
of the different composition and arrangement of the terminals, 
the sparks in the two cases have very different. persistencies, 
which fact is plainly evidenced by the difference between the 
respective decrements, in turn producing different wave forms. 


TABLE I 
EXPERIMENTS CONDUCTED WITH THE MARCONI SPARK GAP 


Short Gap 


Long Gap 


—— —— ن ن 


7 


10,800 
3.530 
2.020 


1.320 
960 
150 
610 


Average Values 


0.300 
0.074 
0 .054 
0 .054 
0 .056 
0.056 
0 .058 


0.058 


TABLE III 


EXPERIMENTS CONDUCTED WITH THE BRASS SPARK GAP AND 


2 
10,600 
3,900 


1,920 
1.290) 
045 
745 
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WITH THE Boas Gap 


Brass Gap Boas Gap 


0.166 
0.124 
0.100 


44 


By reason of the increasing irregularity of the phenomenon, 
at the higher harmonic frequencies the decrements and the 
amplitudes ascertained with the gaps described are less reliable, 
and some of them have accordingly been omitted in the Table. 

However, a comparison of the results obtained арз {о 
justify the following conclusions: 

In radio telegraphic antennas, directly excited by means 
of an ordinary metallic clectrode gap fed from a high voltage 
source of continuous or alternating electromotive force, the 
discharge wave has a complex form, which depends on the original 
potential distribution and on the decrements which arise from 
the dissipation of energy. Among the sources of loss, the re- 
sistance of the spark is of very material importance. The 
spark resistance depends on the nature and arrangement of the 
electrodes, by which the ratios of the amplitudes of the upper 
harmonics to that of fundamental waves are materially modi- 
fied. The travelling wave has rather the form of Figure 3b 
than of Figure 3a. 


FIGURE З 


The relative amplitudes and decrements, and the frequencies 
of each of the harmonics can be satisfactorily determined by 
means of the wave meter which, while it does not afford 
means for the determination of their relative phases, neverthe- 
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less allows us to make а u-eful comparison of the actual har- 
monies with the corresponding components of the rectangular 
wave which would theoretically be produced in the сазе of 
a uniform original di-tribution of potential, and with zero 
damping. 

Measurements thus taken on an antenna of low radiating 
capability made it pos-ible to prove the presence of such har- 
monies up to, and even bevond the twentieth, and to determine 
the amplitude and the decrement of each as far as the eighteenth 
for «ome types of dischargers. The frequencies found are partly 
those of the odd harmonics, and partly of the even harmonies 
(or harmonies of an intermediate order) which latter are due to 
the di--vminetry of the waves produced during successive semi- 
periods. 

The decrement measured generally diminishes as the. fre- 
quency increases, but at a rate which is less than proportional 
to the reciprocal of the latter, and the damping factor therefore 
apparently increases with an increase in the frequency. The 
relative amplitude decreases in proportion as the frequency in- 
creases, but the product of the two factors which, in the case of 
the rectangular wave, should remain constant for the odd har- 
monics, and zero for the even harmonies, actually is slightly 
variable for the tv pes of gap in which the spark ceases after а 
few oscillations, while it gradually increases in the other tv pes of 
gap which produce a more persistent spark. In spark gaps of 
any given type, the average value of the said product will there- 
fore increase with increase in distance between the electrodes and 
resulting increase of the damping. 

The foregoing experiments are chiefly related to the form of 
the discharge wave as found at the base of the radio telegraphic 
antenna, or at the center of the Hertzian oscillator, and where— 
if the damping is zero--the potential node should be, as well 
as the common anti-node of all the stationary-wave currents 
corresponding to the fundamental oscillation and the upper 
harmonics, 

The form of the wave is modified, however, from point to 
point along the antenna by the relative differences of phase of 
the harmonies, which directly influence the current and potential 
variations, as theoretically indicated. 

In the case of the antenna herein described, and with the 
wave meter coupled to one of the ends thereof, the experiments 


‘showed with certainty the presence of the odd and even harmon- 


ics, as found in the center; and also showed the presence of even 
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harmonies of a lower order, namely second and fourth, as well 
as some of higher order, which were missing in the center. How- 
ever, I have not carried out a quantitative investigation of these 
latter, the interpretation of the results of which would have been 
à laborious task, particularly in view of the different coupling 
coefficients relating to the measurement of each of the harmonie 
currents in the circuit. 


SUMMARY: Using a symmetrically excited artificial antenna consisting 
of two long coils with a spark gap between them, the author measures the 
frequencies, decrements, and the relative amplitudes of the fundamental 
current and of each of the harmonics. It is found that the theoretical rectan- 
gular wave, travelling along the antenna, is modified in form, particularly if 
the spark is fairly persistent. Numerical data are given. 


RE-ENFORCED HARMONICS IN HIGH POWER ARC 
TRANSMITTERS* 


By 
К. A. KoLsTER 
(Puvsicisr. BUREAU OF STANDARDS, WASHINGTON, DISTRICT OF COLUMBIA) 


(A Discussion of a Paper by Luigi Lombardi, on 
“Harmonie Oscillations in Directly. Excited Antennas"; 


In reading over Professor Lombardi's interesting paper, I 
am reminded of some experiments which I had occasion to make 
at the San Francisco transmitting station of the Federal Tele- 
graph Company in the fall of 1914, for the purpose of deter- 
mining the cause of extraordinary interference. produced. by 
this are station at a wave length much shorter than the funda- 
mental wave transmitted. 

High power are transmitting stations as equipped by the 
Federal Company consist of a directly excited antenna system; 
that is to say, the are is placed directly in the antenna and the 
length of the wave emitted is determined entirely by the con- 
stants of the antenna system. Now it is well known that the 
antenna circuit is one having several degrees of freedom and 
when excited directly will therefore emit. waves of shorter length 
than the fundamental, but of much less intensity. In fact, 
it is not expected that the intensity of these shorter secondary 
waves would be sufficient to produce any serious interference. 

The are generator produces in any oscillating cireuit oscilla- 
tions which contain to a greater or lesser degree all even and 
odd harmonies of the fundamental oscillation. If the oscillating 
сїгеп which is supplied by the are generator is one of several 
degrees of freedom, then it is possible, as will be seen later, to 
obtain a marked re-enforcement of at least one of the are har- 
monies. 

Let us consider the theoretical cotangent character reaetance 
curve of the ordinary antenna as shown in Figure 1. Points 
of zero reactance are obtained at wf corresponding to the funda- 

wf, т wf, 
gS 


mental wave length of the antenna, at and so on. 


*Recewve d by the Editor, April 1, 1919. 
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When a loading coil is inserted in the antenna, the zero react- 
ance points are obtained at wo, corresponding to the funda- 
mental or main transmitted wave, at «i, at wa, and so on. One 
would expect, therefore, to obtain re-enforcement of arc har- 
monies corresponding in frequency to с, w, and so on. 

Experimental observations obtained at the South San Fran- 
cisco stations of the Federal Company confirmed the above 
predictions as well as could be expected. 
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FIGURE 1 


From measurements made upon the South San Francisco 
antenna, the reactance of the antenna was found to be fairly 
well expressed by the following equation: 

Reactance = 230 cotangent (107 w 107°) 

This is plotted in Figure 2, together with the reactance of 
the loading coil inserted in the antenna and it is seen that two 
points of zero total reactance are obtained, one at w correspond- 
ing to 7,200 meters and another at о corresponding to about 
1,100 meters. The wave lengths corresponding to the odd and 
even harmonies of the are are as follows: 


7,200 = fundamental 1,440 
3.600 1.200) 
2.400 1.02% 


1.800 900 


6 Jt 


босо SOUTH SAN FRANCISCO STATION 
RE ACTANCE 


230 Ctn 107 x10 ® 


$000 


2000 


REACTANCE IN OHMS. 


LOADING COIL 


= 6 8 Lo 12 14 16 


бф 2T x FREQUENCY 


5000 


6000 
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The extraordinary interference experienced occurred between 
1.000 and 1,200 meters, and tests made at the transmitter 
showed that considerable energy existed in the antenna in this 
range, in fact, it was possible to light up three tungsten lamps 
conneeted in series with a cireuit tuned to approximately 1,100 
and coupled to the antenna етеш as shown in Figure 3. Fur- 
thermore, a wavemeter containing a hot wire indicating instru- 
ment coupled very loosely to the antenna circuit gave full de- 
fection at about 1,100 meters whereas at other wave lengths 
corresponding to are harmonies no deflection whatever could 
be obtained. In other words, due to the characteristics of the 
antenna system a marked re-enforeement of the 5th or 6th are 
harmonie occurred and the energy radiated at this wave length 
was sufficient to cause serious interference at short wave receiv- 
ing stations located at a considerable distance away. 
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TZoo METERS 


Поо METERS | 
“SUCKING OUT 
CIRCUIT 
= 


FIGURE 5 


It is believed that a “sucking out" circuit, as shown in 
Figure 3, will materially reduce such interference and as high 
power arc stations multiply in number it is probable that some 
means will have to be devised to reduce the disturbing effecta 
of these re-enforced are harmonics. 


SUMMARY: A Poulsen arc in the antenna will give rise to a series of non- 
harmonic oscillations of shorter wave length, some of which may cause 
troublesome interference with nearby short-wave receiving stations. The 
effect is explained, and a method of reducing such interference by the use of a 
suitably tuned absorbing circuit coupled to the transmitting antenna is given. 
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FURTHER DISCUSSION * ON 


"ELECTRICAL OSCILLATIONS IN ANTENNAS AND 
INDUCTION COILS? BY JOHN M. MILLER 


By 
Jous Н. MoREcRorT 


І was glad to see an article by Dr. Miller on the subject of 
oscillations in coils and antennas because of my own interest 
in the subject, and also because of the able manner in which Dr. 
Miller handles material of this kind. The paper is well worth 
studving. 

І was somewhat startled, however. to find out from the 
author that I was in error in some of the material presented in 
my paper in the PROCEEDINGS OF THE INSTITUTE OF RADIO 
ENGINEERS for December, 1917, especially as I had at the time 
I wrote my paper thought along similar lines as does Dr. Miller 
in his treatment of the subject: this is shown by my treatment 
of the antenna resistance. 

As to what the effective inductance and capacity of an an- 
tenna are when it is oscillating in its fundamental mode is, it 
seems to me, a matter of viewpoint. Dr. Miller concedes that 
my treatment leads to correct predictions of the behavior of 
the antenna and I concede the same to him; it is a question, 
therefore, as to which treatment is the more logical. | 

From the author's deductions we must conclude that at 
quarter wave length oscillations 


Lo . 
= — ( 
Le 2 1) 
and C= o (2) 


The value of L really comes from а consideration of the 
Inagnetic energy in the antenna keeping the current in the 
artificial antenna the same as the maximum value it had in the 
actual antenna, and then seleeting the capacity of suitable value 
to give the artificial antenna the same natural period as the 
actual antenna. This method of procedure will, as the author 
states, give an artificial antenna having the: same natural fre- 
quency, magnetic energy, and electrostatic energy, as the actual 
antenna, keeping the current in the artificial antenna the same 
as the maximum current in the actual antenna. 


* Received by the Editor. June 26, 1919. 
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But suppose he had attacked the problem from the viewpoint 
of electrostatic energy instead of electromagnetic energy, and 
that he had obtained the constants of his artificial antenna to 
satisfy these conditions (which are just as fundamental and 
reasonable as those he did satisfy); same natural frequency, 
same magnetic energy, same electrostatic energy and the same 
voltage across the condenser of the artificial as the maximum 
voltage in the actual antenna. He would then have obtained 
the relations 


L. == i Li (3) 
and ке e (4) 


Now equations (3) and (4) are just as correct as are (1) and 
(2) and moreover the artificial antenna built with the constants 
given in (3) and (4) would duplicate the aetual antenna just as 
well as the one built according to the relations given in (1) and (2). 

I had these two possibilities in mind when writing in my 
original article “аз the electrostatic energy is a function of the 
potential curve and the magnetic energy is the same function 
of the current curve, and both these curves have the same shape, 
it js logical, and so on." Needless to say, I still consider it 
logical, and after reading this discussion I am sure Dr. Miller 
will see my reasons for so thinking. 

When applying the theory of uniform lines to coils I think | 
а very large error is made at once, which vitiates very largely 
any conclusions reached. The L and C of the coil, per centimeter 
length, are by no means uniform, a necessary condition in the 
theory of uniform lines; in a long solenoid the L per centimeter 
near the center of the coil is nearly twice as great as the L per 
centimeter at the ends, a fact which follows from elementary 
theory, and one which has been verified in our laboratory by 
measuring the wave length of a high frequency wave traveling 
along such a solenoid. The wave length is much shorter in the 
center of the coil than it is near the ends. What the capacity 
per centimeter of a solenoid is has never been measured, I think, 
but it 15 undoubtedly greater in the center of the coil than near 
the ends. 

The conclusions he reaches from his equation (22) that even 
at its natural frequency the L of the coil may be regarded as 
equal to the low frequency value of L is valuable in so far as 
It enables one better to predict the behavior of the coil, but it 
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should be kept in mind that really the value of L of the coil, 
when defined as does the author in the first part of his paper in 
terms of magnetic energy and maximum current in the coil. 
at the high frequency, is very much less than it is at the low 
frequency. 

Опе point on which I differ very materially with the author 
is the question of the reactance of a coil and condenser, con- 
nected in parallel, and excited by a frequency the same as the 
natural frequency of the circuit. The author gives the react- 
ance as infinity at this frequency. whereas it is actually zero. 
When the impressed frequency is slightly higher than resonant 
frequency there is a high capacitive reaction and at a frequency 
slightly lower than resonant frequency there is a high inductive 
reaction, but at the resonant frequency the reactance of the cir- 
cuit is zero. The resistance of the circuit becomes infinite at 
this frequency, if the coil and condenser have no resistance, 
but for any value of coil resistance, the reactance of the com- 
bination is zero at resonant frequency. | 
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< THE “Exide” BATTERY 
FOR WIRELESS SERVICE 


Ext is “оп its job" all the time, ready to furnish the 
f 3 power for sending a wireless message when emergency 
demands it. 
“Exide” battery construction is the result of 
thirty years of specialized storage battery building 
experience. The advantage of that long experience 


is illustrated in the consistent and „dependable per- 
formance of °“ JEx{0e’’ batteries in every field in 
which they are used. 

Address nearest sales office for copy of Bulletin No. 168 


THE ELECTRIC STORAGE BATTERY Со, 


The oldest and largest manufacturer of Storage Batteries in this country 
1888 PHILADELPHIA 1919 


New York San ا‎ Cleveland Rochester Bosto Detroit 
Atlanta Denv Washington maneas a city Pittsburgh Chicago 
© Minneapolise — Stlou Toronto > © St. Louis Toro 


| MICA CONDENSERS [ MICA CONDENSERS | 


For Radio Transmitters and 
Protective Devices, as per 
Government Specifications 


Up to Further Notice only U. S. 
Government equipments will be 
supplied 


Dubilier Condenser Co., Inc. 
217 Centre Street New York City 


For Great Britain, address Dubilier Condenser 
Company, Ltd., London, W.I., England 


CUTTING & WASHINGTON, Inc. 


Commercial Radio Apparatus 


For Land and Ship Stations 


26 PORTLAND STREET CAMBRIDGE, MASS. 


Small corporation engaged for the past twelve 
years in the manufacture of radio and small 
electrical instruments, requires an electrical 
engineer experienced in these branches. Ad- 
dress answers to Box No. 115, Secretary, In- 
stitute of Radio Engineers, College of the 
City of New York, N.Y. 


The Standard Instruments 


for use on 


Wireless Telegraph Panels 


eston 


Switchboard 


Indicating Instruments 


Comprise Wattmeters, Frequency 
eters, Ammeters and Voltmeters 

of 7-inch diameter. 
In serviceability, durability, accuracy and efficiency 
these instruments „practically attain rfection. 
They have been uniyeresliy standardi for wire- 
less service because they have demonstrated that 
they can be depended upon in any emergency. 

Write for detailed information 


Weston Electrical Instrument Co. 
73 Weston Ave., Newark, N. J. 
23 Branch Offices in the Larger Cities 


Radio Amateurs! 


Buy parts and make your own 
sets. 


Large stock of high-grade radio 
materials left on our hands because 
of cancelled contracts! 


Unusually Low Prices! 


Guaranteed galena crystals, 
everything for coils, switches, 
knobs, resistances, insulating 
materials, condenser plates 
and parts, litzendraht and 
magnet wires, contact points, 
head bands, Century buzzers. 


De Forest Radio Telephone 
& Telegraph Co. 


1391 Sedgwick Avenue 
NEW YORK CITY 
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AY Roller-Smith Company A 


CHICMA 233 Broadway, New York CLEVELAND 
Moneda ts Meat Werke: Bethlehem, Pa Wibeasse Dexdung 
DETROW: New Telegraph Building 


The comte tfe mre mude (f cme eighth inch sterling silver in accordance with 
etf 1010000 ogres his ethene, JAl the upper and lower contacts are е св аса “с 
ti» litagefengestio, The lnwercimtart is easily removed without disturbing the 
еам und fitting which holda cemtact in place. To remove the lower contact pet 
eios nka keys jt le nes esent y tu unfesten it from its bese mounting or table and dis- 
(0000, thee Mnaulatióm, Tt je durable and light, and is designed so that an operator can 


aei otn the ийил! operit possibile, 


Косі, bey іа fitted with cur improved adjustment spring holder. Lever and trun- 
tim miade of one piece of finely wrought steel, nickel plated and polished. 


Visine end cher metal parts аге of brass finely finished and lacquered. 
{ dnt Nn 
81 Mean Kelay О wiry Morse Key 


AN Kates Merling {мег Contacts, per set of 2 


NEW POCKET CATALOG OF ELECTRICAL SUPPLIES just 
out., G 29, 264 Pages. Send for one. 


MANHATTAN ELECTRICAL SUPPLY CO., Inc. 


NNW YORK 17 Park Place 110 W. 42d St. 127 W. 125th St. 
CHICAGO ST. LOUIS SAN FRANCISCO 
114 No. Welle Bt. 1106 Pine St. 604 Mission St. 


Wireless opori at all оме atores 
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ПОИНТУ ETET ETETETT I ССС 


Murdock 
Moulded Condensers 


Compact, strong and efficient transmitting 
units worth a trial by every radio engineer. 
Now in successful operation in many govern- 
ment and commercial stations. Made for 
commercial use in sections of .002 mfd. 


Wm. J. Murdock Company 


70 Carter Street Chelsea, Mass. 


бе 
WATCH FOR THIS SIGN 


G 


TRADE MARK 


It Represents the Pioneer Builders of Fine 
Radio Laboratory Apparatus in 
This Country 
We Expect Widespread Imitation 
Our Product Deserves It 


GENERAL RADIO CO. 


CAMBRIDGE, MASS. 


Learn Wireless at Home 


in shortest possible time with the Omnigraph 
Automatic Transmitter. Connected with Buzzer 
will send messages, at any 
speed, just as о aperto r- 
ator would. y U. S 


E» Bureau of Navigation’ to test 
all applicants applying for 

e 

Radio licenses, models. 


==: Prices $14 and $20. 
OMNIGRAPH MFG. co., 39 B Cortlandt St., New York 


DEMAND FOR RADIO SETS HAS 
INCREASED TREMENDOUSLY 


Wide-awake Radio Companies will reach the in- 
tending purchaser by advertising in this magazine. 


For rates, address 
Advertising Manager, 
INSTITUTE OF RADIO ENGINEERS 
COLLEGE OF THE CITY OF NEW YORK 


Kilbourne & Clark Manufacturing 
Company 
Seattle, Washington, U. S. A. 


Manufacturers of 


RADIO TELEGRAPH APPARATUS 


For Commercial, Ship and Shore Stations 


AMERICAN TRANSFORMERS 
CUSTOM MADE 


Designed and constructed to fill the 
special requirements of our customers 


Seventeen years’ experience in handling Radio problems 


American Transformer Company 
143 Miller Street Newark, N. J. 


BAKELITE-DILECTO 


The Standard Insulating Material for all 


RADIO WORK 


Waterproof—Strong—High Electrically— 
Furnished in Sheets, Rods, Tubes, and 


Special Shapes. Samples on request. 


Also makers of High-Grade 


Vulcanized Fibre 


THE CONTINENTAL FIBRE CO. 


Newark, Del. 


New York Office, 233 Broadway Chicago Office, 332 South Michigan Ave. 
Pittsburgh Office, 301 Fifth Ave. 
San Francisco Office, 525 Market St. 
Los Angeles Office, 411 South Main St. 


To the Radio Engineer 
Radio Manufacturer 
Radio Amateur 


You cannot afford doing without the 


Proceepincs or THE Institute ОЕ RADIO 
ENGINEERS 


Nowhere else can you get all the latest information on 
Transmitters, Receivers, Bulbs, Radio Telephony, 
Elimination of Strays, and every other important 
radio topic. 

$6.00 (in U.S.) 

196.60 (abroad) 


Subscription per War 


Address 
Secretary, 


INSTITUTE OF RADIO ENGINEERS 
COLLEGE OF THE CITY OF NEW YORK 


Digitized by Google 


RADIO TELEGRAPH AND 
TELEPHONE EQUIPMENT 


The United Fruit Company’s radio communication system, comprised of radio sta- 
tions in practically every country in South America, and on the steamships of the 
“Great White Fleet,” and hundreds of U.S. Navy ship and shore stations, are splen- 
did examples of Wireless Specialty Apparatus Co. installations 


We design and manufacture radio equipment of every description from the ezperimen- 
tal station to the complete commercial communication system. 


1/2 K.W. Transmitter 
Type Q.S. 500 


The extreme simplicity, ruggedness 
and high electrical safety factor of this 
equipment will be quickly appreciated 
by the radio engineer and ship owner. 
This transmitter is an ideal installation 
for yachts, commercial vessels, colleges 
and research laboratories. 


FARADON Mica Condensers 


Competitive tests have shown the 
W.S.A. FARADON to be the best 
mica primary condenser yet produced. 
The .004 mfd FARADON is tested 
for thirty minutes at 21,000v. and 18a. 
in a circuit of 1,000 meters, with a 
temperature rise of less than 3.5° С. 
Every condenser is guaranteed for one 
vear. We also make mica protective 
condensers and laboratory standards. 


TWO STEP AMPLIFIER 
TYPE TRIODE B 
This amplifier is an attractive, com- 
pact unit of the resonance type, and 
provides a maximum of low frequency 
amplification. 


The design of this instrument is such 
that it will not “squeal,” “howl,” 
“roar,” or ‘ту,’ as is the case with so 
many amplifiers now on the market. 


WIRELESS SPECIALTY APPARATUS CO. 


ENGINEERS, DESIGNERS, MANUFACTURERS 


BOSTON, MASS., U.S. A. 


ПГС 


"INTERNATIONAL RADIO “М 
TELEGRAPH COMPANY | 


SUCCESSORS TO 
NATIONAL ELECTRIC SIGNALING CO. 


MANUFACTURERS OF 
RADIO TELEGRAPH 4x» TELEPHONE 
APPARATUS 
TRANSFORMERS FOR ANY PURPOSES 
COMPRESSED AIR CONDENSERS 
FECAL ELECTRICAL APPARATUS 


К н & Clark Manufacturing 
Company 


Seattle, Washington, U. S. A. 


Manufacturers of 


RADIO TELEGRAPH APPARATUS 


hor Comunercial, Ship and Shore Stations 


CUTTING & WASHINGTON 
RADIO CORPORATION 


Commercial Radio Apparatus 
For Land and Ship Stations 


ЧА & Wort th Street NEW YORK, N. Y. 


ret 


Current Squared Meters 


Roller-Smith current squared meters are sup- 
plied with 3,°,” body diameter flush case, back 
connected (see illustration). About 125 M. A. 
are required for full scale deflection and the in- 
ternal resistance is remarkably low. The uniform 
scale of 0-100 is much more convenient than the 
formerly used ‘‘watt’’ scale. 


Our current squared meters are especially de- 
signed to meet Government requirements for 
wavemeter and decremeter use. They are capable 
of withstanding a large percentage of overload 
without affecting their calibration and a still 
larger overload without burning out. In view 
of this fact overload protective devices are ordin- 
arily not required. 

These instruments are used in wavemeter and 
decremeter sets and are well known in the radio 
world, under the Navy type number of ‘‘CAR- 
330,” for their accuracy and reliability. 


Portable model with mahogany case is sup- 
plied also. Write for details. 


Roller-Smith Company 
233 Broadway, New York, N.Y. 


Works: Bethlehem, Pa. 


CHICAGO: Monadnock Block CLEVELAND: Willi Buildi 
DETROIT: Majestic Building amson utetur 


Other tupes of instruments will be covered in subsequent '* Ads." 


ПІ 


The Standard Instruments 


for use on 


Wireless Telegraph Panels 


SSO 


Switchboard 


Indicating Instruments 


Comprise Wattmeters, Frequency 

Meters, Ammeters and Voltmeters 

of 7-inch diameter. 
In serviceability, durability, accuracy and efficiency 
these instruments practically attain и ес сов 
They have been univ cre standardi for wire- 
less service because they have demonstrated that 
they can be depended upon in any emergency. 

Write for detailed information 


Weston Electrical Instrument Co. 
73 Weston Ave., Newark, N. J. 
Branch Offices in the Larger Cities 


SOMETHING NEW 


Highest Sensitivity 


Reliable Portable Instruments 


Improvement in design and 
workmanship over previous 
instruments of ,this class has 
made it possible to obtain a 
still higher sensitivity yet. 


WITH MORE CONTROL 


Micro and Milliammeters 
Millivolt and Voltmeters 


THERMO JUNCTIONS IN VACUO 


Rawson Electrical Instrument Co. 
CAMBRIDGE, MASS. 


Sole U. S. Agents for 
ROBT. W. PAUL, LONDON 
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NEW TYPES OF DE FOREST 
AUDION APPARATUS 


There is only ONE Audion—The De Forest 


Audion Control Type 
P-100 


2-Step Amplifier Type 
P-200 


Audion Control Panel 


Type P-100 


Combining in a single compact 
set the Peerless De Forest audion 
detector, oscillator and audion 
amplifier, built for the audion 
as only the makers of the audion 
can build it. No other set like 
it has ever been built to sell 
for less than $150. Our price 
without the bulb, $65. De- 
scriptions of lower-priced models 
sent on application. 


2-Step Amplifier 


The latest in amplifier design, 
sufficient to give amplifications 
up to 200 times. Panel quick- 
ly removable, making all parts 
accessible, and the replacing of 
the new type en bloc “B” bat- 
teries but a moment's work. 
Workmanship of the highest 
grade. Price, without the bulbs, 
$69.50. 


De Forest? Radio Telephone & 
Telegraph Company 


1391 Sedgwick Avenue, Highbridge, N. V ^ 
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Radio Apparatus for Research dio Apparatus for Research 
and Experimental Work 


QU QU 


Grebe Radio Apparatus has set the 
standard in the research and experi- 
mental fields. Our new line of appara- 
tus, designed since the Armistice, em- 
bodies the most advanced engineering 
achievements. Every detail to promote 
the efficiency of our instruments has 
респ carefully executed. When order- 


, ng be sure to specify Grebe. Write 

Two-Stage Kudo ТЬе for free bulletin describing Grebe Am- 

Amplifier, Type RORB  plifiers; complete catalog mailed upon 
Price, $45 receipt of 10 cents. 


A. H. GREBE & CO. 
76 Van Wyck ВІуа., Richmond Hill, N. Y. 


Federal Audio Frequency Transformers 


Quality - Performance and Efficiency 
Par-Excellent 


federel Туре А, N°2L6 Transformec 


7o Detector 


- + 
l € rs 


< ИПИЕ 


No. 226-W 
Type A 
One 226-W Transformer with one Marconi V. T. gives an energy am- 
plification of 400 times. (Audibility amplification of 20 times.) 
Two 226-W Transformers with (wo Marconi V. T.'s give an energy 
amplification of /60,000 times. (Audibility amplification of 400 times.) 
Write for Bulletins 101-W and 102-W. 


FEDERAL TELEPHONE ^» TELEGRAPH CO. 


BUFFALO, NEW YORK 


VI 


The Only Vacuum Tube Which - 


Experimenters Can Use 


Agreements  recenc v  etfected 
A have made vacuum tuoss avui- 
AN adie ror expermencai чне ie 
im. Marconi N T ms зе CO: vacuum 
tute. Or auton, whea пау ое 
aid to amateurs ladoratoresn 
scnoobs ct umstructrom and ea- 

per:menters. 


MARCONI V.T. 
$7.00 Each 


Standarcized Socket. $1.39 
additional 
А hazh!y-developed а around 
. | tube гос use as а detector ami 
ampi:ter из wireless Commune 
~ twa. Íthaspra:twails tre same 
electrweal constants as tbe tuce 
used by the Aud a:mues amd 
navies throughout the war чї 
continuous маме галим 
and reception. 
The approximate operating 
life of the MARCONI V. T. is 
1.500 hours. 
Class I Designed ^» use as a 
detector: operates with plate po 
tential of №№ to 00 моск 
Class li—Desiygned tor use as 
an amplher; pate potentials 
from О) to 110 voits may te ap 
phed. 
Tubes in either class. may be 
used ior detection. oc атро пса- 
tion, but those af Class 1 are 
Fleming Pat. No. 803684 best as detectors, and Class ll 
De Forest Pat. Nos. 841387-879532 tubes are superni as amplifiers. 
Delivered postpaid in special container insured against bevukuge to any 
address upon receip4 of purchase price 
Send all remittances with erder 
COMMERCIAL DEPARTMENT 


Marconi Wireless Telegraph Co. 


of America 
Sole distributors for De Forest Radio Telephone & Telegraph Co. 
Woolworth Building, 237 Broadway, New York 


Schofield Bldg. American Bldg. 301 Commercial Bank Annex 

Cleveland, O. Baltimore, Md. New Orleans, La. 

Insurance Exch. Bldg. 136 Federal St. 109 South Ind St. 
San Francisco, Cal. Boston, Mass. Philadelphia, Pa. 


A Storage Battery That Will Keep 
Indefinitely 


Е 


Cut 1/3 actual size 
GEM 20 VOLT UNIT FOR ORE TUBE AND LABORATORY 


The GEM units are shipped dry, therefore no action takes place 
until electrolyte is added. 


Can be charged at high rates. The normal charging rate of the 
GEM 2 amp. Hr. unit is 0.5 ampere. 


Uses low gravity solution. 
Retains charge on open circuit longer than others. 
Jars are transparent and unbreakable. 


GEM 20 volt units are made up of 10 individual cells, more 
costly to build, but in every way superior to any other method. 


GEM Batteries Are Built To Give 


You Service 


GEM STORAGE BATTERY CO. 


343 So. Dearborn Street Chicago, Ill. 


Write for Booklet 
VIII 


<)> THE “Exide” BATTERY 
FOR WIRELESS SERVICE 


is “оп its job" all the time, ready to furnish the 
power for sending a wireless message when emergency 
demands it. 

“Exide” battery construction is the result of 
thirty years of specialized storage battery building 
experience. The advantage of that long experience 
is illustrated in the consistent and dependable per- 
ANE. formance of “Exide” batteries in every field in 
77 which they are used. 

Address nearest sales office for copy of Bulletin No. 168 


THE ELECTRIC STORAGE BATTERY C0. 


The oldest and largest manufacturer of Storage Batteries in this country 
1888 PHILADELPHIA 1919 


New York San Francisco Cleveland Rochester Bosto Detroit 
Atlanta Denver Washington Kansas City Pittsburgh Chicago 
Minneapolis St. Louis Toronto 


i 
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DUBILIER MICA CONDENSERS 


Now cost less than Leyden 
Jars, considering their in- 
creased efficiency, life and 
cost of installation. Over 


100,000 in service. 


004 mfd. units tested at 21,000 volts, 19 amperes, ready 
for immediate delivery. 


Catalog Sent Upon Request 


DUBILIER CONDENSER CO, Inc. 


217 Centre Street New York, N. Y. 
For England, Address 
Ducon Works, Goldhawk Road, Shepherds Bush W. 12, London, Eng. 


ІХ 


| | 
^ This 6000 Volt D.C. Generator Will Stand a | 
Breakdown Potential of 20,000 Volts | 


By means of special transformers our new high 
voltage D.C. generating system will produce 
high D.C. voltages with a degree of efficiency 
never before obtained. 


For high power Vacuum Tube radio trans- 
mitters, for D.C. power transmission, for in- 
sulation testing, for electrostatic separation 

of ore, for precipation work and for X-ray 

apparatus, this system overcomes the insula- 
tion difficulties common to D.C. generators 
when voltages above 1000 are used. 


| 
| 
| 
| 
| 
j 
| 
| 
| 
While both the transformers and commutator | 
may be built to withstand any voltage, this | 
system is ideal for furnishing energy up to 50 | 
K.W. with a maximum D.C. terminal voltage | 

| 

| 

| 

| 


of 10,000. 


For D.C. supply the motor-generator-rectifier 

combination may be used. For A.C. supply 

a synchronous motor drive is furnished for the 
| rectifier. 


We would be pleased to supply estimates for 
systems of any capacity and voltage on request. 


AMERICAN [RADIO AND RESEARCH (ORPORATION 


21 Park Row, New York City Laboratory at Medford Hillside, Mass. 


The 


CLAPP-EASTHAM 
VARIOMETER 


Is one of several new instru- 
ments of C-E quality. Modern 
in design and construction. An 
appropriate instrument for those 
who desire quality. 


Send a two-cent stamp for 
Bulletin Y 


TYPE SS VARIOMETER Clapp-Eastham Со. 


Built in three ranges of 


- чал 150 Main Street 
ounted or unmounted $ 
as desired Cambridge Mass. 


MESCO RADIO BUZZER 


Shunt Resistance — U. S. Navy and U. S. Army Standard 


The Radio Officers of the NC Planes: 
after testing all other buzzers, decided to 
use the ‘‘Mesco” on their radio equipment. 
The R-34 was equipped with two Mesco 
Radio Buzzers. 

Why? Because of its reliability and 
constancy in operation; greater output 
efficiency; ease of adjustment; unaffected 
bv extreme variations in weather con- 
ditions; exposed wires eliminated. 

Sparking is almost entirely eliminated, 
so that the energy lost in light and heat 
in the operation of other buzzers is here conserved and radiated in the 
form of oscillating energy. 

This buzzer maintains a constant note and is recommended as an 
exciter for checking wave-meters where pure note and ample energy 
are required. 


List No. 55 Mesco Radio Buzzer Price $2.05 


NEW POCKET CATALOG OF ELECTRICAL SUPPLIES just 
out. G 29, 264 Pages. Send for one. 


MANHATTAN ELECTRICAL SUPPLY CO., Inc. 
CHICAGO ST. LOUIS SAN FRANCISCO 
114 So. Wells St. 1106 Pine St. 604 Mission St. 


Wireless expert at all owe stores 


With 
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Murdock Radio Receivers 


An inexpensive, surprisingly sensi- 


tive, thoroughly workmanlike head 
set, universally conceded ‘ће most 
for the money." Their record for 
sensitive service in thousands of 
stations, amateur and commercial, 


is their best advertisement. 


PRICES: 
2000 OHM DOUBLE SET - $4.50 | 
3000 OHM DOUBLE SET - 5.50 


WM. J. MURDOCK CO. 


70 Carter Street, Chelsea, Mass. 


509 Mission Б. San Francisco 


VARIABLE INDUCTOR TYPE 107 


The above cut illustrates one of the instruments included in the com- 
plete line of 


Radio Laboratory Apparatus 


MANUFACTURED BY 


GENERAL RADIO CO. 


CAMBRIDGE, MASS. 


66 99 

The “RADIO REVIEW’ 
The British Journal 
Entirely Devoted to 
RADIO SCIENCE 

will be the authoritative. monthly journal of Wireless Research. 

Published in London at 2/6 per cop 

Edited by Professor С. W. O. Mo, D.Sc., M.I.E.E.. assisted by 

Philip R. Coursey, B.Sc., 4.M.I.E.F. 

Papers from the greatest Radio Scientists of the World will be a 

special feature of the “Radio Review." 


NO. I PUBLISHED OCTOBER 
THE RADIO REVIEW 


A monthly Record of Scientific Progress in Radio-telegraphy and 
Telephony. 


7 15 is the annual postage paid subscription rate for 
ө United States, Canada and Newfoundland. 
dg Address for All Letters 
P n и Editorial, Advertising and 
available Publishing Offices 
tor e e 
advertisements. The Radio Review 


Particulars on 12-13 Henrietta Street 
application. London, Eng. 


IMMEDIATE DELIVERY 
Western Electric 


TYPE VT1 OXIDE FILAMENT 


VACUUM TUBES 
Price $10.00 


For Non-communicating Use Only 


IMPROVED TUBE SOCKET 
Price $1.00 


Rawson Electrical Instrument Co. 
CAMBRIDGE, MASS. 
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AMERICAN TRANSFORMERS 
CUSTOM MADE 


Designed and constructed to fill the 
special requirements of our customers 


Eighteen years’ experience in handling Radio problems 


American Transformer Company 
178 Emmet Street Newark, N. J. 


—À — 


(i, Learn Wireless at Home 
m in shortest possible time with the Omnigraph 


Automatic Transmitter. Connected with Buzzer, 
in send messages, at any 


îi peed, just as an ore | 
> агаг would. Used b y U. S ' 


е» Bureau of ау аноп | to test; 
/7/ all applicants ap lying гог 
Radio licenses, Pp models. | 


Prices $16 and $23. 
OMNIGRAPH MFG. CO,, 39 B Cortlandt St., New York 


——_—_. 


BAKELITE-DILECTO 


The Standard Insulating Material for all 


RADIO WORK 


Waterproof—Stronag—High Electrically— 
Furnished in Sheets, Rods, Tubes, and 


Special Shapes. Samples on request. 


Also makers of High-Grade 
Vulcanized Fibre 


THE CONTINENTAL FIBRE CO. 


Newark, Del. 


New York Office, 233 Broadway Сеш Office, 332 South Michigan Ave. 
Pittsburgh Office, 301 Fifth Ave 
San Francisco Office, 525 Market St. 
Los Angeles Office, 411 South Main St. 
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m | PROCEEDINGS ع‎ 
The Justitutr- ot Ravi 


Engineers 


EDITED BY 
ALFRED N: GOLDSMITH, Ph.D. 


PUBLISHED EVERY TWO MONTHS BY 


THE INSTITUTE OF RADIO ENGINEERS 
THE COLLEGE OF THE CITY OF NEW YORK 
140th Strect and Convent Avenue, New York, N. Y. 


Subscription $6.00 per Annum in the United States 
$6.60 in all other Countries 
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Entered as second-class matter, February 16, 1916, at the Post-Office, at New 
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Acceptance for mailing at special rate of tage provided for in Section 1103, Act « 
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XB INSULATORS, 1,000 TO 1,000,000 VOLTS 
INSULATION 
“Made in America” 


INSULATION 
“Made in Melia d 


LOUIS STEINBERGER'S PATENTS 
"ELECTROSE" Insulators are standard with UNITED STATES NAVY ‹ cid ARMY 
and WIRELESS TELEGRAPH and TELEPHO OMPANIES. 


"ELECTROSE" is made in a number of grades for various requirements, each 
grade possessing special characteristics. 


"ELECTROSE" INSULATORS—BEST IN THE WORLD FOR HIGH FREQUENCY CURRENTS, 
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№. 9351. 
SOLE MANUFACTURERS 66-82 Washington St 21-31 York St. 

= WP FE. SS 66-76 Front St. 1-23 Flint St. 
LECTROSEAVIFE-(GO- Brooklyn М.Ү, America 
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